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Further Investigation on the Graphitization 


of Piping for the EE] and AEIC 


Bye Avie 


The graphitization test program initiated in 1943 at 
Battelle Memorial Institute by the EEI and AEIC was 
continued during 1947. Carbon-molybdenum, chromium- 
molybdenum, and vanadium-molybdenum composi- 
tions were tested at 1125 F. An effort was made to relate 
plastic deformation with graphitization on a laboratory 
basis. The high resistance of chromium- molybdenum 
steels was confirmed and further information was devel- 
oped on the existence of an incubation period in the 
graphitization process. 


INTRODUCTION - 


HE progress made from September, 1943, to November, 

1946, in the investigation on the graphitization of steel 

piping undertaken at Battelle Memorial Institute for the 
Edison Electric Institute and the Association of Edison Illumina- 
- ting Companies, has been summarized in three previous papers 
(1, 2, 3). Numerous aspects of the general problem were con- 
sidered, including the fundamental causes of graphitization and 
the mechanism of the graphitization process, the measures which 
_maty be taken to restore graphitized pipe joints, the methods 
which may be used to prevent graphite segregation at existing 
_ pipe joints and other kinds of steel which would have Superior 
graphitization resistance and at the same time be suitable for 
high-pressure piping. 

Some light has been cast on the fundamentals or mechanism 
of the phenomenon but much remains to be learned; the use of 
chemical kinetics has been helpful here. Some understanding of 
the effect of time and temperature on the process has been 
achieved, and it is known that the progress of the reaction involves 
growth from nuclei. However, the growth of a nucleus into a 
nodule is not well understood, particularly the absence of local 
depletion of carbon in the vicinity of a graphite nodule which 
may frequently be observed. Moreover, the question of nuclea- 
tion itself is much in doubt; it is not positively known whether 
the nuclei in a steel which will graphitize are already in existence 
or form with time at temperature. In the former. case there 
would be no incubation period and graphitization would start 
as soon as the steel reached temperature. In the latter case 
there would be an incubation period, during which time nuclei 
were forming but during which the extent of graphitization would 
be so small as to escape detection. A practical question is in- 
volved here. Is asteel which shows complete resistance to graphi- 
tization over a considerable period of time completely stable, 
or is it merely in its incubation period? 

The development of other types of steel for high-pressure 
piping, which will be satisfactorily resistant to graphite forma- 


1 Metallographer in charge, Battelle Memorial Institute. 

2 Technical Adviser, Battelle Memorial Institute. 

3 Numbers in parentheses refer to the Bibliography at the end of the 

aper. 

- Contiibuted by the Joint ASTM-ASME Research Committee on 
Effect of Temperature on Properties 9f Metals and presented at the 
Annual Meeting, Atlantic City, N. J., Dec. 1-5, 1947, of Tas AMERI- 
cAN SocinTy or MrecHanicau ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper Nov 47 —A-139. 


’ be used to replace old pipe as well as in new installations. 
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tion, has been a fairly fruitful avenue of attack on the general 
problem. In particular, chromium-molybdenum steels con- 
taining !/2 per cent molybdenum with !/2 per cent or more chro- 
mium have shown themselves to be graphite-free in a variety 
of severe laboratory tests, and this type of steel is beginning to 
There 
may also be other types of low-alloy ferritic steels which are 
satisfactorily resistant to graphitization, such as molybdenum- 
vanadium steel and silicon-killed carbon-molybdenum steel. 

Answers to questions such as those just stated are usually given 
in terms of safe operating temperatures for the different steel 
types, particularly with reference to graphitization. Suggestions 
of this kind have been advanced in papers before ASME Sym- 
posiums. 

This paper gives the results of further investigation of the 
graphitization of steel piping carried out during 1947. Additional 
experience with some of the more resistant types of steel was 
obtained as well as further information bearing on the question 
of the incubation period. 

In addition, another effort was made to establish a relationship 
on a laboratory basis between the graphitization phenomenon 
on the one hand, and plastic deformation, such as might occur 
during the installation of a pipe system, on the other hand. Ina 
previous attempt (3), plastic deformation prior to the graphitiza- 
tion test had been produced by compression (upsetting). In the 
present study, deformation was accomplished by stressing in 
tension. The matter is important because it bears on those dis- 
turbing special cases of severe segregated graphite formation not 
associated with welding but apparently related to deformation 
phenomena such as Liiders lines (4). 

Finally, another type of continuous graphite formation is 
reported where the segregation did not occur in a weld-heat- 
affected zone. 


EXPERIMENTAL PROCEDURE—MATERIALS 


Previously Tested Specimens. A group of bead-welded specimens 
and sections of welded joints was selected for test from materials 
which had been on test previously at Battelle. The steels con- 
sidered were those which had a past record of high resistance to 
graphitization. They are listed in Table 1. Included are a 
low-aluminum-deoxidized plain-carbon steel, two low-aluminum- 
deoxidized, one silicon-deoxidized, and two titanium-deoxidized 
carbon-molybdenum steels, two welded joints between high- 
and low-aluminum-deoxidized experimental chromium-molyb- 
denum steels, two commercial chromium-molybdenum steels, 
and a molybdenum-vanadium cast steel. 

Specimens Stressed in Tension. In the present attempt to de- _ 
monstrate a relationship experimentally between deformation 
and graphitization, the deformation was obtained by stressing in 
tension using the two types of tensile specimen illustrated schema- 
tically in Fig. 1. 

The rectangular specimen, Fig. 1A, was furnished in three 
types of steel; a high-aluminum-deoxidized plain-carbon steel, 
a high-aluminum-deoxidized carbon-molybdenum steel (from the 


_ original Springdale installation), both known to graphitize readily, 


and a high-aluminum-deoxidized chromium-molybdenum steel 
containing 1/2 per cent chromium, considered to be relatively 
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Specimen 
no. 


G21AW 
G210 


G18AW 
G18B1D 


G19Y7 


G31AW 


G31C1D 


G54 


G46-47-3A W 


G46-47-5A W 


Description 
of steel 
Plain-C, low-Al 
deoxidation 
Plain-C, low-Al 
deoxidation 


C-Mo, low-Al 
deoxidation 

C-Mo, low-Al 
deoxidation 


C-Mo, low-Al 
deoxidation 


C-Mo, Si-de- 
oxidized, 
normal 

C-Mo, Si-de- 
oxidized, 
normal 


Ti-deoxidized 
C-Mo bar 


Ti-deoxidized 
C-Mo bar 


Welded joint 
between 
high-Al and 
low-Al Cr- 
Mo, 1/2% Cr 

Welded joint 
between 
high-Al and 
low-Al Cr- 


Cr-Mo steel 
Mo-V cast steel 


TABLE 1 


Source 
National Tube 


Co. 
National Tube 

Co. 
National Tube 

0. 
National Tube 


Co. 


National Tube 
Co. 


B & W header 


B & W header 


Titanium Alloy 
Mfg. Co. 


Titanium Alloy 
Mfg. Co. 


BMI 
BMI 


General Elec- 
trie Co. 
National Tube 


0. 
General Elec- 
tric Co. 


@ The present test was 3500 hr at 1125 F. 


b Explanation of symbols. Type: R, random; H, segregating at the low-temperature edge of the heat-affected zone. 


G, great. 


A. RECTANGULAR TENSILE SPECIMEN 


B. TENSILE SPECIMEN SHAPED WITH A LARGE RADIUS 


Fie. 1 Skercues or Specimens Usrep to Srupy THe Errrecr or 


0. 
0. 


Cc 


-10 


71.0) 


palit 
.18 


Size: F, fine; I, intermediate; C, coarse. 
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WELDED GRAPHITIZATION TEST SPECIMENS? 
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Treatment 3 Extent of 
before Previous graphitiza- 
r Ts Al Vv testing tests. tion 
0.01 Bead-welded 5000 hr at 1125 F None 
0.01 Bead-welded and 5000 hrat1125F None 
stress relieved 
at 1425 F 
0.02 Bead-welded 5000 hr at 1125 F None 
0.02 Bead-welded 6700 hr at 950- Trace 
’ : 1150 F plus 
5000 hr at 1125 
Pe 
Air-cooled from 5000 hrat1125F RMF) 
2200 F, nor- (20% con- 
malized at 1650 version) 
F, bead-welded 
Bead-welded 5000 hr at 1125 F None 
Bead-=welded* 6700 hr at 950- None 
1150 F plus 
oe hr at 1125 
0.048 Bead-welded 1700 hr at 1025 F None 
plus 5000 hr at 
1125 F 
0.039 Bead-welded 1700 hr at 1025 F None 
be plus 5000 hr at 
1125 F 
0.48 As-welded 5000 hr at 1125 F None 
0.47 2 
0.91 As-welded 5000 hr at 1125 F None 
0.93 
21/4 Bead-welded 4000 hr at 1125 F None 
218 0.003 3300 hr at 1125 F None 
0.23 Bead-welded 4000 hrat1125F None 
. 
-Amount: L, little; M, moderate; 


resistant to graphitization. One set of specimens of the three 
steels was elongated approximately 10 per cent at room tem- 
perature over a two-inch gage length. Another set was similarly 
elongated at 800 F. The room-temperature specimens developed 
very distinct Liiders lines while the 800, F specimens showed no 
Liuders lines. 

The tensile specimen shaped with a large radius, Fig. 1B, was 
designed to provide a range of deformation in one test piece, 
varying from zero at the shoulder to a maximum at the narrowest 
section in the center. The high-aluminum-deoxidized carbon- 
molybdenum steel and the high-aluminum-deoxidized chro- 
mium-molybdenum steel containing !/2 per cent chromium were 
used. One specimen of each steel was elongated 4 per cent 
in 2 in. at room temperature, while another specimen of each 
was ,deformed a like amount at 800 F. 

All of the specimens variously stressed in tension prior to the 
graphitization test are listed in Table 2. 

Method of Testing. As in the previous investigation (3), a 
single test temperature of 1125 F was used while the test period 
was 3500 hr. The heating equipment has been described else- 
where (3). Graphitization determinations were made with the 
metallographic microscope on polished specimens lightly etched 
with nital, using magnifications up to 1500. 


REsuLtTS 


Previously Tested Steels. The results of examination of the 
various steels after they had undergone the additional 3500 hr 
test at 1125 F are given in Table 1 in the column headed “Extent 
of Graphitization.” The amount of graphite found is given both 
in terms of the qualitative rating method originally used in this 


‘investigation as well as in the form of a quantitative estimate of 


the percentage of the total carbon content converted into graphite. 
The method of determining the latter is described elsewhere (3). 
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s ; TABLE 2 STRESSED GRAPHITIZATION TEST SPECIMENS 
pecimen ede Extent of 
no. Description of steel Source Type of specimen Test conditions graphitization 
G-20 Plain-C, high-Al National Tube Co. Rectangular bar (Fig. 1, A) stressed at room tem- 3500 hr at 1125 F RMC* (complete 
G-20H Plain-C. hi E perature conversion) 
= ain-C, high-Al National Tube Co. —- Rectangular bar (Fig. 1, A) stressed at 800 F 3500 hrat1125F = RGC (complete 
hy Ca : . "» conversion) 
= » C-Mo, high-Al Springdale Rectangular bar (Fig. 1, A) stressed at room tem- 3500 hr at 1125 F RMC-I (50% con- 
G-30H C 4 4 perature e version) 
- -Mo, high-Al Springdale Rectangular bar (Fig. 1, A) stressed at 800 F 3500 hr at 1125 F RMC-I (50% con- 
RES ear ; i . : version) 
-30- -Mo, high-Al Springdale “Radius specimen (Fig. 1, B) stressed at room tem- 3500 hr at 1125 F RMI (50% con- 
: . perature version) 
G-30-1H s C-Mo, high-Al Springdale Radius specimen (Fig. 1, B) stressed at 800 F 3500 hr at 1125 F RMI Sate con- 
; . version 
G-46-3 Cr-Mo, high-Al, 1/2% Cr BMI Rectangular bar (Fig. 1, A) stressed at room tem- 3500 hr at 1125 F None 
9 perature 
G-46-3H  Cr-Mo, high-Al, 1/2% Cr BMI Rectangular bar (Fig. 1, A) stressed at 800 F 3500 hr at 1125 F None 
G-46-31 Cr-Mo, high-Al, 1/2% Cr BMI Radius specimen (Fig. 1, B) stressed at room tem- 3500 hr at 1125 F None 
; perature 
G-46-31H Cr-Mo, high-Al, 1/2% Cr BMI Radius specimen (Fig. 1, B) stressed at 800 F 3500 hr at 1125 F None 


% See note b, Table 1. 


Plain-Carbon Low-Aluminum Steel. This steel (G-21) showed 
no graphite either as-welded or as-welded and postweld-stress- 
relieved at 1425 F after an exposure at 1125 F for a total time of 
8500 hr (5000 plus 3500). This time would correspond approxi- 
mately to 120,000 hr at 925 F, by applying the factor obtained 
by chemical kinetics. 

Carbon-Molybdenum Steels. One of the low-aluminum-de- 
oxidized carbon-molybdenum steels (G-18) showed a trace of 
graphite after a total time at temperature of 15,200 hr. This 
represented no measurable increase in extent of graphitization 
over the previous test of 11,700 hr. It is apparently still in the 
initial stages of graphite formation. 

The other low-aluminum steel (G-19) showed appreciable 


random graphitization after 8500 hr on test; about 20 per cent - 


of the total carbon in the material was estimated to be converted 
into graphite. No segregation of graphite was observed in the 
specimen. 

In the previous test of 5000 hr at 1125 F, no graphite was found 
in this steel. Using this and the present result, a greatly ex- 
trapolated reaction curve for the process at 1125 F was drawn 


0.8 


for the steel, as shown in Fig. 2. Included also is a curve for 
925 F sketched in on the basis of the 15 to 1 life ratio be- 
tween 925 F and 1125 F reported in a previous paper (3) for the 
Springdale carbon-molybdenum steel. From the scant data 
plotted in Fig. 2, the following highly speculative predictions 
can be made: The half lifetime of the graphitization process 
in steel G-19 is about 15,000 hr (21 months) at 1125 F and about 
220,000 hr (25 yr) at 925 F. 

In an effort to cast some light on why steel G-19 graphitized to 
a greater extent than G-18, the following spectrographic analyses 
were made: 


Steel Cr Al pot Vv 
G-18 0.025 0.01 None None 
G-19 0.030 <0.01 None None 


Neither these nor the chemical analyses offer a clue to the differ- 
ence in behavior between -the two steels. A study was also 
made of initial microstructure, but here again no reason for the 
difference in performance was found. The two steels appeared 
quite similar in microstructure. 
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0.4 


0.2 


FRACTION OF CARBON TRANSFORMED TO GRAPHITE 


100 . 1000 


10,000 


/ 
/ 


100,000 


1,000,000 


TIME IN HOURS 
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GRAPHITIZATION oF CarBpon-MoLyspENUM STEEL, G-19 
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The silicon-deoxidized carbon-molybdenum steel used in these 
tests is a section from the header in the original Springdale 
installation. It had shown no graphite when examined after 
the Springdale failure in January, 1943, and after a total time 
of 15,200 hr of accelerated testing at 1125 F, it continues to be 
graphite-free. 

The two experimental titanium-deoxidized carbon-molyb- 
denum steels showed no graphite after 1700 hr at 1025 F plus 
8500 hr (5000 plus 3500) at 1125 F. 

Chromium-Molybdenum Steels. This group of specimens, 
representing chromium contents of 1/2 to 2!/, per cent and molyb- 
denum contents of !/2 to 1 per cent, continued to show no graphi- 
tization. Occasional “‘black spots,’ discussed in a previous 
paper (3), were again observed in some of the specimens, but they 
were very small and widely scattered. 

Both high-aluminum and _ low-aluminum-deoxidized steels 
were included, and some of the specimens had been on test up to 
8500 hr at 1125 F. 

Molybdenum-Vanadium Steel. This steel, which is a cast steel 
containing 1.15 per cent molybdenum and 0.23 per cent vanadium, 
has been on test 7500 hr at 1125 F, after which it has shown no 
graphite formation. 

Specimens Stressed in Tension. Each of these specimens was 
examined for graphite on the longitudinal median plane so that 
the effect of all variations in degree of deformation could be 
observed, and the stressed portion could be compared with 
unstressed sections back of the shoulders. The results, listed 
in Table 2, were negative; a correlation on-a laboratory basis 
between graphite formation and plastic deformation was not 
obtained. 

The two steels, G-20 and G-30, which were expected to graphi- 
tize did so in a completely random manner. The extent of 
graphitization appeared to be very uniform in each case over the 
entire specimen with respect to both nodule size and numbers of 
nodules. The extent of graphite formation in the stressed and 
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in the unstressed parts of each specimen was about the same, 
while the specimens stressed at 800 F graphitized in about, the 
same manner as those stressed at room temperature. Moreover, 
the extent of graphitization in these two steels was about what 
would be expected for 3500 hr at 1125 F as predicted from the 
reaction-rate curves for the same steels as-welded (3). This 
circumstance is a good indication that the deformation undergone 
by the materials did not influence the graphitization rate. 

The chromium-molybdenum steel G-46-3, which, was also 
tested after being deformed in tension, showed no graphite forma- 
tion. Since the material contained 1/2 per cent chromium, this 
result was expected on the basis of its performance under test 
as-welded. 

Continuous Graphite Formation Outside a Weld-Heat-A ffected 
Zone. In examining sections from welded joints in the steam 
piping system of the Iowa Power and Light Company, Des 
Moines, [owa, a continuous type of graphite formation was ob- 
served in a carbon-molybdenum-steel forged fitting made to 
ASTM specification A-182-36. It had been in service eight years 
at an average temperature reported to be 925 F. The graphite 
was located outside, though near, the weld-heat-affected zone of 
the joint between the fitting and a valve. It is shown in Figs. 
3, 4, 5, and 6. The formations.tend to outline grains in the 
fitting, and appear to have nucleated in carbide areas near en- 
velopes of free ferrite. This type of graphitization has not been 
encountered before in the many examinations of pipe joints and 
graphitization specimens made at Battelle. 

Incidentally, an advanced state of graphitization existed in the 
weld-heat-affected zones of the fitting as well as of the pipe 
sections examined. Pronounced “eyebrow’’-type graphite was 
frequently observed, and the general extent of graphitization 
was strongly reminiscent of the Springdale case. 


Discussion 


The results have raised several points of importance to the 


Fig. 3 Fitting Sipe or WeLpep Joint BETWEEN Forcep Firring AND VALVE SHowrne Continuous 
GRAPHITE ForMATION OuTsIpDE WELD-Hpat-AFrrecrep Zone; Nirau Ercu, 12 
y rcH, 12 
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graphitization problem and serve to emphasize the limitations of 
our knowledge of the phenomenon. 

_. The additional data in this paper confirm the conclusions of 
previous work at Battelle (3) as well as at other laboratories 
(5, 6) that chromium-molybdenum steel containing more than 
‘/2 per cent chromium is satisfactorily resistant to graphitization 
for use as high-pressure steam piping. In fact, it is considered 
safe to use it at 1000 F. Moreover, the results confirm that the 

presence of more than 1/2 per cent chromium permits the use of 
aluminum deoxidation in the manufacture of the steel. This 
point is a matter of considerable importance to both steelmaker 
and consumer. 

In discussing chromium-molybdenum steels, reference may 
be made to the efforts to relate elastic strain and plastic deforma- 

tion to the graphitization phenomenon. Though attempts to 

learn more about the development of segregated graphite in 
stressed or deformed regions remote from welds, through the 
medium of laboratory tests, have been unsuccessful, nevertheless 
the tests have brought out an important point. Under none of 
the various conditions of elastic straining or plastic deformation 
(by compression or tension), produced in the laboratory, has the 
chromium-molybdenum steel containing 1/2 per cent chromium 

_ developed any graphite. In addition, the steel used for these 
tests was high-aluminum-deoxidized. This record serves to in- 
crease confidence in the stability of this type of steel. Perhaps 

_ it can also be expected not to show the special types of graphitiza- 
tion such as that associated with Liiders lines or such as that 
illustrated in Figs. 3, 4, 5, and 6. 

The data also suggest that other compositions and types of 
low-alloy ferritic steel may be highly resistant to graphitization. 
However, experience here is extremely limited. A cast molyb- 
denum-vanadium steel, containing 1.15 per cent molybdenum 
and 0.23 per cent vanadium, tested at Battelle, showed no 
graphite after 7500 hr at 1125 F. However, another laboratory 
(7) found graphite in forged 1/2 per cent molybdenum 0.16 per 
cent vanadium steels after 10,000 hr at 1050 F. Besides the dif- 
ference in historyand structure, there were differences in composi- 
tion between thesesteels. The resistant cast steel was noticeably 


higher in manganese and lower in silicon than were the less resist- 
It was also higher in vanadium content. 


ant wrought steels. 


Fig. 4 Part oF THE REGION REPRESENTED IN Fic. 3, MAGNIFIED 
To SHow THE GRAPHITE ForMATION IN DetaiL; 1000X 


851 


There is room for considerable speculation on the exact effect 
of the three elements, vanadium, manganese, and silicon. Vana- 
dium seems to be an inhibitor of graphite formation, but the 
data are insufficient to rate its effectiveness. Perhaps it must 


a 


Fic. 5 Part or THE ForcEep Firrinc SHOWING CONTINUOUS 
GRAPHITE ForMaTION AT INTERFACE BETWEEN CARBIDE-CON- 
TAINING AREA AND FREE FERRITE; 1000X 


Fic. 6 Region or Continuous GRAPHITE FoRMATION OUTSIDE 
Wotp-Hpat-AFFEecTED ZONE IN ForGED Fitting, Stuiiar To Fie. 5, 
1000 X 


STEEL WITH LITTLE - 
RESISTANCE TO GRAPHIT- / // 
IZATION, ie 6-20,G-30  §/” 


FRACTION OF CARBON TRANSFORMED TO GRAPHITE 


TIME AT TEMPERATURE - LOG SCALE me 
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TEEL WITH MODERATE 
RESISTANCE TO GRAPHITIZATION 
Le. G-I9 
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TEMPERATURE IS 
CONSTANT 


STEEL WITH HIGH 
RESISTANCE TO 
GRAPHITIZATION-IDEALIZED 


s 


Fie. 7 Revatronsare BETWEEN OrpeER oF RESISTANCE TO GRAPHITIZATION AND Lenatx oF INcUBATION PERIOD 


[A is the ineubstion period for steel (2), and B is the incubation period for steel (3).] z 


be present in some minimum amount which may be related to the 
earbon content of the steel. Again, manganese may be an im- 
portant factor in the graphftization resistance of the cast molyb- 
denum-vanadium steel. The complete freedom from graphitiza- 
tion shown by the plain-carbon steel, G-21, lends some support 
to this thought, since it was unusually high in manganese (1.11 
per cent) in addition to being low-aluminim-deonidized. Finaily, 
the role of silicon is much in doubt. The virtue of the practice 
of silicon killing may not lie in the presence of silicon in the steel 
but in the absence of aluminum. Silicon in cast iron behaves as 
a graphitizer, and in larger amounts it is also a graphitizer in 
steel. However, the presence of considerable amounts of it, say, 
0.40 per cent or more, may be required before it is effective. 

Thus in addition to the chromium-molybdenum steel, a molyb- 
denum-vanadium combination or even a manganese steel, all 
relatively low in silicon, might very readily meet service require- 
ments. However, considerable further investigation would 
be required to develop and confirm other,compositions. 

The data here also throw a little more light on one aspect of 
the mechanism of the graphitization process, the question of 
whether or not there is an incubation period. This is a matter 
of practical importance because it bears directly on the question 
of whether or not a steel whieh does not show graphite early in 
service will ultimately graphitize. Can one be sure that a 
steel which is graphite-free over a period in service will remain so 
indefinitely? 

The low-aluminum-deoxidized carbon-molybdenum steel, 
G-19, experienced a considerable period at temperature during 
which it did not graphitize to an observable extent; then marked 
graphitization began. On the other hand, plain-carbon high- 
aluminum-deoxidized steel, G-20, and high-aluminum-deoxidized 
carbon-molybdenum steel, G-30, showed virtually no incubation 
period (3). At least, with relatively small uncertainty, graphite 
formation in these steels began immediately upon reaching tem- 
perature. 

These observations suggest a relationship between order of 
resistance to graphitization on the one hand and length of the 
incubation period on the other, which may be depicted schema- 


| 
tically as in Fig. 7. The sketch shows a highly susceptible steel 
with little or no incubation period along with another with a 
pronounced incubation period which is more resistant to graphi-| 
tization. An idealized steel is also shown whose incubation 
period is so long as to suggest permanent stability, from a prac- 
tical viewpoint. This may perhaps represent the true ultimate 
behavior of the very resistant steels which, to date, have shown 
complete stability under test. Present experience has been 
insufficient to determine whether or not suck steels actually have 
incubation periods. However, there is room to speculate that 
they do and consequently that all the common “‘ferritic”’ carbides 
are ultimately unstable. If this were so, the essence of graphi- 
tization resistance would lie in the incubation period. 
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Discussion 


W. A. Rercu.‘ The Battelle Memorial Institute’s graphitiza- 
tion reports are highly appreciated, and the authors are to be con- 
gratulated on the clarity and broad scope of their presentations. 
We feel that this work has been and will be of great value in 

“making graphitization more understandable and in. pointing out 
means of avoiding its occurrence. 

It was gratifying to note that the results of these programs in 
many cases are paralleled by those obtained in the General Elec- 
tric Company’s graphitization studies. The results on molybde- 
num-vanadium-type steel are of special interest to us. We have 
examined two weld specimens representing two commercial cast 
heats of basic electric molybdenum-vanadium steel (1.1 per cent 
Mo, 0.22 V and 1.1 per cent Mo, 0.14 V) after 11000 hr at 1100 
F and have found no evidence of graphitization. As noted by the 
authors, graphitization has been found in similar steels made by in- 
duction furnace practice. We have examined weld specimens 
from induction furnace heat of 1 per cent Mo, 0.20 V steel and a 

similar heat of pipe made by basic electric practice heat after 3000 
hrat 1100 F. Graphitization was present in the induction furnace 
material and not in the electric furnace heat. The induction fur- 
nace heat was dirtier, but the only. significant difference in chemi- 

~cal composition noted was in nitrogen content. The induction 
furnace heat measured 0.002 and the electric furnace heat 0.028 
per cent nitrogen. We feel from several pieces of evidence like 
this that nitrogen plays an important part in graphitization. It is 
good to note that the Joint Committee will sponsor some work 
under Project 29 in the near future that promises among other 
things to shed more light on this subject. 
The author’s comments on the effect of manganese on graphi- 


4 Metallurgical Section, Schenectady Works Laboratory, General 
Electrical Company, Schenectady, N. Y. 
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tization tendency are also of interest. Int his connection, we and 
others have noted the tendency of this element to inhibit graphi- 
tization. For example, a sample from an induction furnace heat 
of plain carbon steel with a chemical composition of 0.15 C, 0.3 Si 
with 0.70 Mn has run in our tests 15,840 hr at 1100 F with no evi- 
dence of graphitization. A similar heat with 0.20 Si and no man- 
ganese exhibited graphitization in only 3000 hr at 1100 F. 

The peculiar type of continuous graphite noted and the struc- 
tures shown by the authors.certainly suggest “burning” in proc- 
essing of the steel. The authors’ comments in this regard would 
be welcomed. 

The authors have indicated the fact that questions of major im- 
portance remain to be answered. The question of the “incubation 
period” is not the least of these. Weare continuing our tests in an 
attempt to evaluate the relative graphitization tendencies of less- 
familiar high-temperature steels and to add to the store of general 
knowledge of the subject so far accumulated. 


AUTHORS’ CLOSURE 


We are very grateful to Mr. Reich for his comments on our 
paper, and are particularly interested in his data on the effect 
of vanadium on the graphitization process. Much experimental 
work is necessary before the role of this element can be defined. 
Mr. Reich’s suggestion that nitrogen may possibly be very 
important has been noted, and this element will not be over- 
looked in future studies. The evidence he cited confirming our 
suspicion that manganese may be an effective graphitization 
inhibitor was gratifying. We feel that the possibilities of this 
element have been neglected, and it offers the attraction of being 
relatively inexpensive. 

The continuous type of graphitization found outside the weld- 
heat-affected zone of a joint between a fitting and a valve, 
illustrated in Figs. 3, 4, 5, and 6 of our paper, is new in our 
experience. The structure of the fitting was certainly very 
coarse and could have been the result of overheating. 
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Some 1000. F Steam-Pipe Materials 


By ERNEST L. ROBINSON,!,SCHENECTADY, N. Y. 


This paper presents long-time creep and rupture test 
results on molybdenum-vanadium pipe material in com- 
parison with low-chromium-molybdenum compositions. 
The molybdenum-vanadium composition shows supe- 
rior long-time strength at high temperature. Furthermore, 
long-time soaking of molybdenum-vanadium piping ma- 
terial at high temperature has so far failed to show graph- 
ite formation. 


T IS the purpose of this paper to present a number of series 

of test results contributing to available technical information 

on materials suitable for high-temperature steam piping. 
These series were neither planned nor run at the same time but 
each series was a unit in itself. The group has been selected from 
results mostly unpublished and presented in a form suitable for 
guidance in design and for a basis of comparison between different 
compositions currently under discussion. The author suggests 
that the results presented herewith should be compared with 
similar results obtained elsewhere. 

Creep strengths are both listed and plotted for a rate of 0.01 
per cent per 1000 hr. Creep strengths for a rate of 0.001 per cent 
per 1000 hr are listed in the tables. These strengths were deter- 
mined by the General Electric “flow-rate” test which is a step- 
down relaxation-type test run with a total elastic-plus-plastic 
extension of 0.2 per cent (except in the case of Series 3). The 
so-called flow-rate test is usually run for 2000 to 3000 hr with 
one or more rates between the nominal values read from the log- 
log plot and tabulated. 

Long-time rupture strengths are tabulated both for 10,000 
hr and 100,000 hr but only the 100,000-hr strength is plotted in 
the diagrams. The longest test in each series is usually between 
5000 and 10,000 hr although occasional specimens have run as 

‘long as 20,000 hr. The 10,000-hr figure involves littie extra- 
polation. The 100,000-hr figure is not free from uncertainty 
and judgment is required in the selection of a suitable factor of 
safety. It must be kept in mind that breaks after a long time at 
high temperature are likely to be brittle in appearance with little 
elongation to give warning. 


Series 1 presents some prewar creep-test results run on a group . 


of compositions originally selected by A. W. Wheeler as 


possibly having improved high-temperature piping character- 
istics. The carbon content was intentionally kept low to facili- 
tate welding but it came even lower than intended. 
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Fig. 1 Creep Strencrus ror A Rate or 0.01 Per Centr prrfl000 

Hr For A Series oF Low-CarBon STEELS CONTAINING ADDITIONS 

or MotyspENnuM, CHROMIUM AND MoLtyspENuM, MoLyBDENUM AND 
VANADIUM, AND ALL THREE OF THESE ELEMENTS 

{Each of the four compositions was tested in the air-cooled and the furnace- 


cooled conditions. (Note the superiority of the air-cooled treatment and 
of the compositions containing vanadium). ] 


TABLE la SERIES 1 
Physical properties 
T.S.¢ E.L.¢ 
Item ———Chemical composition Heat-treatment: 1000 1000 Ele R.A.f 
no. Cc Mn Si Cr Mo Vv Deg F Deg F Psi Psi % % 
1118 0.06 0.50 0.381 0.56 1740 8hrF.C.¢ 1290 4brF.C. 59.2 42.4 39.0 76.9 
1119 0.06 0.31 0.56 1740 8 hr A.C.b 1290 4hrF.C. 59.4 36.7 40.5 80.7 
1121 0.07 0.59 0.31 .60 0.53 0.14 1740 8hrF.C. 1290 4hbrF.C. 62.2 438.4 41.5 77.8 
1122 0.07 0.59 0.31 0.60 0.53 0.14 1740 8hrA.C. 1290 4hrF.C. 66.9 49.4 38.0 79.5 
1124 0.07 0.59 0.30 0.57 0.55 1740 8hrF.C. 1100 4hrF.C. 58.9 35.2 40.0 77.0 
1125 0.07 0.59 0.30 0.57 0.55 1830 8hrA.C. 1200 4hrF.C. 61.4 34.4 39.5 74.9 
1127 0.06 0.56 0.21 0.60 0.12 1740 8hrF.C. 1290 4hrF.C. 59.5 40.4 40.0 80.2 
1128 0.06 0.21 0.60 0.12 1740 8hrA.C. 1290 4brF.C. 66.7 43.7 36.0 81.4 


@ Furnace-Cooled; © Air-Cooled; ¢ Tensile Strength 


1 Structural Engineer, Turbine Engineering Divisions, General 
Electric Company. Fellow ASME. 

Contributed by the Joint ASTM-ASME Research Committee on 
the Effect of Temperature on the Properties of Metals and presented 
at the Annual Meeting, Atlantic City, N. J., Dec. 1-5, 1947, of Tur 
Amprican Society or MrcHanicaL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-74. 


; @ Elastic Limit; ¢ Elongation; f Reduction of Area. 


‘TABLE 1b SERIES 1 
Creep strength, psi, at 1000 F 


Rate Rate 
0.01%/1000 hr 0.001% /1000}hr 


Item no. 
118 2600 1150 
1119 3600 1150 
120 6000 2650 
1122 11800 7400 
1124 6000 3450 
1125 9400 4500 
1127 8000 4700 
1128 11500 8400 
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Table la shows the chemical compositions, heat-treatments, 
and physical properties, and Table 16 gives the creep-test results 
at 1000 F on thisseries. They are also shown in Fig. 1. 

A glance at these results shows the outstanding characteristics 
of the moly vanadium composition. While the chrome-moly- 
vanadium is nearly as good, it would really have to be very much 
superior in order to justify the greater potential difficulties in 
welding. : 

Series 2 on 0.5 per cent molybdenum steel is presented for its 
value as a standard background with which to compare all the 
other results. This well-known material has been used to pipe 
steam to an estimated 8,000,000 kw of steam turbines and this 

“series, extracted from a paper (1)? by S. H. Weaver, gives both 
creep and rupture test results at both 900 F and 1000 F in two 


2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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different grain sizesboth of which arefurnace-cooled andair-cooled. 

Table 2a shows the chemical composition, heat-treatments, and 
room-temperature physical properties while Table 2b gives the 
creep and rupture test results. These are pictured in Fig. 2. 

The spread between the coarse-grain air-cooled condition and 
the fine-grain slow-cooled condition is typical, the grain size. 
having been obtained by the heat-treating temperature. 

The “garden gate” character of this diagram may be noted. 
The top bar of the gate is the coarse-grain air-cooled material 
which is strong both at 900 and 1000 F. The bottom bar of the 
gate is the fine-grain slow-cooled material. The cross braces 
represent the fact that the coarse-grain slow-cooled material is 
relatively stronger at 1000 F but relatively not as strong at 900 
F and that the fine-grain air-cooled material is relatively strong 
at 900 F but relatively notso strong at 1000 F. 

This diagram does not represent the maximum spread possible 


TABLE 2a SERIES 2 
7—— Physical properties—— 
Chemical Ss. E.L. 

Item — composition- — Heat-treatment. 1000 1000 El. IRZAS 

no. C Mn Si Mo Deg F Deg F Psi Psi % % 
897-909 0.17 0.88 0.20 0.42 1560 8 hr A.C. 1200 4 hr F.C. 68.1 39.0 35.5 64.4 
899-911 0.17 0.88 0.20 0.42 1740 8 hr A.C. 1200 4 hr F.C. 70.9 41.0 31.5 63.2 
901-905 0.17 0.88 0.20 0.42 £1560 8 hr F.C. 1200 4 hr F.C. 67.12 3520 3475)" 58.20 
903-907 0.17 0.88 0.20 0.42 1740 8 hr F.C. 1200 4 hr F.C. 63.6) ~3220)- 34.0) 95629) 


TABLE 26 SERIES 2 
—Rupture strength, psi——~ 


-——Creep strength, psi 


0.01%/ 0.001% / 10,000 100,000 
1000 hr 1000 hr hr hr 
Item no. 900 F 1000 F 900 F 1000 F 900 F 1000 F 900 F 1000 F 
897-909 20000 7200 .15000 2500 46000 16000 38000 8800 
899-911 24300 11000 19700 3800 52000 22000 50000 12000 
901-905 14100 7600 12500 2900 32000 16000 25000 8800 
- 903-907 13800 10800 11600 3500 34000 18000 28000 12000 
50000 : 
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Fre. 2 Creep Srrenctus ror a Rate or 0.01 Per Cenr per 1000 Hr anp- 100,000- 
SrrencTHs or 0.6 Per Cent Moryspenum Sree, ances Hanae 


Note the superiority of the coarse-grain air-cooled treatmen i iori A 
( p y gral et) t and the inferiority of the fine-grain slow-cooled 


with this material. No data are included for pipe “‘as received”’ 
in the hot-rolled condition nor for pipe in the spheroidized condi- 
tion. For a complete discussion of these matters the paper by 
S. H. Weaver (1) should be consulted. : 
Series 3 presents a group of tests run a good many years ago on 
one of the best of the low-chromium-molybdenum compositions 
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Fic. 3 Cresp STRENGTHS FOR A RaTE OF 0.01 PER Cent PER 1000 
Hr For Bain STEEL 


"(These tests all began with 1000 hr at 10,000 psi. Total extensions were 


rather less than for other materials and the results might legitimately be 


TABLE 36 SERIES 3 
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commonly called Bain steel. These tests were run as a part of a 
much larger series in which the test began with 10,000 psi con- 
stant stress left in the specimen for 1000 hr. Thereafter the load 
was stepped down to give other creep rates. This unusual type 
of tést fitted in with the other results not here presented. The 
matter is mentioned only to qualify the results as not directly 
comparable with the others. The total extension in test was 
rather less than the standard 0.2 per cent. At standard ex- 
tension these results might have come in the order of 10 per cent 
higher. 

Table 3a shows the chemical composition, heat-treatments, 
and room-temperature physical properties and Table 30 gives the 
creep test results. 

Early applications of this material incurred some welding 
difficulties and its more general use received a setback. Perhaps 
its introduction was somewhat ahead of its time. 

Series 4 presents the results of a group of tests run in co- 


' operation with the Consolidated Gas Electric Light and Power 


Company of Baltimore on two heats of 0.5 per cent chromium, 
0.5 per cent molybdenum steel, one aluminum-killed and the 
other silicon-killed. Besides running both creep and rupture 
tests on these materials, results are given ‘‘as received,’’ normal- 
ized, and also in the annealed condition. 

Table 4a shows the chemical composition, heat-treatments, 
room-temperature physical properties, and Table 46 gives the 
creep test results and the rupture test results in so far as they 
are at present completed. Some rupture series are still incom— 
plete. Fig. 4 pictures these results. 

This diagram, like that for Series 2, also has a garden-gate 
pattern and the comparison is illuminating. Above the results. 
for the specimens air-cooled for the test are the two lines repre-- 
senting the as-received material which may have been cooled! 


corrected upward an estimated 10 per cent.) from a still higher temperature during manufacture. As noted 
TABLE 3a SERIES 3 . 
Physical properties 
is Ss E.L. 

Item Chemical composition : Heat-treatment: —_ 1000 1000 El, ReAG 
no. Cc Mn Si Cr Mo Deg F Deg F Deg F psi psi % Y 
396 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C 1600 5 hr A.C. 1200 3 hr F.C. 112.2 77..0 21.5 66.1 
397 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C 1740 5 hr A.C. 1200 3 hr F.C. 114.2 80.0 22.0 65.2 
398 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C 1875 5 hr A.C. 1200 3 hr F.C. 122.9 89.0 19.0 62.0 
401 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C 2280 5 hr A.C. 1200 3 hr F.C. 135.7 86.0 17.5 56.2 
416 0.20 0.44 0.39 41.66 0.94 22806hrF.C. 1600 5hrF.C. 1200 3 hr F.C. SOS7MNEES 7 ONES SA OMEEAS EO 
417 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C 1740 5 hr F.C. 1200 3 hr F.C.¢ USL 52.0 31.5 58.3 
418 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C 1875 5 hr F.C. 1200 3 hr F.C. 81.4 29.0 27.5 46.8 
419 0.20 0.44 0.39 1.66 0.94 2280 6 hr F.C 2280 5 hr F.C. 1200 3 hr F.C. 113.8 38.0 12.0 30.8 

@ Reheat-treatment of item 417 1650 F—1 hr O.Q.—1600 F—1 hr F.C.—1200 F—1 hr F.C. 


TABLE 4b SERIES 4 
—— Creep strength, psi——. ———Rupture strength, psi ——~ 


Creep strength psi at 1022 F 0.01% / 0.001% / 10,000 00,000 
Rate Rate Item 1000 hr 1000 hr* hr hr 
Menno: 0.01%/1000 hr 0.001% /1000 hr no. 900F 1000F 900F 1000F 900F 1000F 900F 1000F 
6500 4200 2257 26000 14800 22500 6800 400002 220007 300007 140007 
396 bod 3600 2258 25500 14200 21000 6500 45000- 23000 39000 14000 . 
397 ei 4500 2259 17500 7200 13500 2300 
ya oaG 4600 2260 23000 10500 19000 5000 52000 46000 
2273 
416 — Tone 2264 13000 5900 10000 1800 460002 450002 
ue ae 3850 2265 14000 8200 11500 2900 340002 29000¢ 
419 7000 4300 @ Test still running. 
TABLE 4a SERIES 4 
Physical Properties 
angst ant B at 
Ch 1 composition . Heat-treatment aN 1000 1000 a. R.A. 
Tien (ce Pee emcees a Al ALO; Deg F eg F Psi Psi % % 
Oni4))" 10245 0.52" 101027570008 12000 2ihrsECienGls4 4 42 s4ann S72 5am 7I7, 
aaa Ree ies 0.22 0.48 0.56 0.003 0.002 1200 2hrF.C.. 66.9 42.7 34.5 64.4 
9259- 0:12 0.45 0.14 0.45 0.54 0.027 0.008 1700 2hrA.C 1200) Qin ENC! 6202 e430 417 oer 
0.13 0.50 0.22 0.48 0.56 0.003 0,002 1700 2hr A.C 1200 2hriF.C. 71.9 51.9 34.0 65.9 
2260 Onis 0:60 0.26 0.46 - 0.46 1600 1 hr A.C 1250 lhrF.C.¢ 70.4 47.4 35.5 65.6 
3568 0.12 0.45 0.14 0.45 0.54 0.027 0.008 1700 2hrF.C 1200 2'hr F.C, © 57.9 8519 40.5 71:0 
2265 0.13 0.50 0.22 0.48 0.56 0.003 0.002 1700 2 hr F.C 1200 2hrF.C. 61.9 39.4 37.5 64.0 


“a Item 2273 redrawn 1200 F—2 hr F.C. 
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(These. materials were furnished by the National Tube Company and tested in co-operation with the Consolidated } 
Gas Electric Light and Power Company of Baltimore, Md. Results may be compared with Fig. 2.) 


before, corresponding results are not available for Series 2. 
However, the close correspondence between these results and 
those for plain 0.5 per cent molybdenum steel is noteworthy. 
The small chromium addition does not seem to have any impor- 
tant effect-on the strength when results on similar treatments are 
compared. 

Series 5 collects a number of scattered tests on different low- 
chromium-molybdenum materials that happen to be available. 
These include 1 per cent chromium, !/2 per cent molybdenum; 
1 per cent chromium, 1 per cent molybdenum; 21/, per cent 
chromium, 1 per cent molybdenum; 3 per cent chromium, 1 per 
cent molybdenum at temperatures at or near 1000 F. 

Table 5a shows the chemical compositions and heat-treat- 
ments, and room-temperature physical properties, and Table 56 
shows the creep test results which are also pictured in Fig. 5. 

‘These scattered results are listed with some diffidence as 
lacking in sufficient spread to indicate the range of properties of 
the materials. Mostly it can be said they were tested in a condi- 
tion supposed at the time to be favorable to the material. 

Series 6 presents test results on low carbon-moly-vanadium 
steel developed largely as a consequence of the results given in 
Series 1. Plain molybdenum steel was falling off in strength at 
1000 F and some improvement was needed which the vanadium 
addition seemed to afford. A similar composition had been tried 
for a turbine rotor and turbine wheel before the war. After the 
Springdale experience with graphitization the fixation of the 
carbon content seemed important and vanadium was thought 
to bea potent carbide former. Thus it appeared the logical 
strengthener and turbine-shell castings for 1000 F were made to 
this composition. 

Such castings are being used on the 100,000-kw turbine for the 
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Hssex Station of the Public Service Electric and Gas Company, 
New Jersey, and noting the good qualities, H. Weisberg, 
mechanical engineer, Electric Engineering Department, inquired 
if piping could not be made of the same composition. Actually 
the composition had been originally selected with piping in mind 
and accordingly the turbine piping for the Essex machine has 
been made of molybdenum-vanadium. The composition of the 
piping and the castings is practically the same. However, the 
results show that the ordinary process of manufacture of the 
piping is conducive to higher strength than in the castings. 

Table 6a shows the chemical compositions, heat-treatments, 
and room-temperature physical properties of this series, and Table 
6b shows the high-temperature test results so far available. These 
are pictured in Fig. 6.. 

It will be noted that in corresponding treatments the moly- 
vanadium pipe material is 50 to 100 per cent stronger than the 
plain moly or low-chromium-moly compositions. 

As regards its resistance to graphitization, neither the Conant- 
Reich paper (2) nor the Battelle Report (3) found any evidence of 
graphite formation in this material. Some small nodules have 
been reported as seen in samples of laboratory induction-furnace 
heats but none has ever been found in open-hearth or electric- 
furnace heats. : 

A word with reference to.the room temperature physical 
properties of high-temperature materials may be appropriate. 
Specifications have been written for many years stating required 
physical properties at room temperature. These are significant 
for the ultimate user when the service is at room temperature. 
On the other hand, when the ultimate service is at high tempera- 
ture, the high-temperature properties are of particular importance 


to the ultimate user and the room-temperature properties are 
* 
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TABLE 5a SERIES 5 
Gree properties 
Item ———Chemical composition———\ — Heat-treatment 1000 1000 El R.A 
no. ( Mn Si Cr Mo Deg F Deg F Psi Psi % % 
351 0.33 0.36 O-Tt i pee | 1.15 18308 hr A.C. 1200 1 hr A.C. 131.4 86.0 21.5 59.6 
2160 0.14 0.40 0.42 2.79 0:92 1580 F.C. at 75 F/brto 1200 67.4 32.7 42:7 75°6 
2272 0.13 0.58 OLA7, 0.90 0.50 : 1200 2 hr F.C. 68.4 49.4 34.0 70.4 
2322 0.14 0.51 0.27 2.27 1.02 1900 2hr A.C. 1200 2hr F.C. 119.9 69.9 15.5 68.8 
2324 0.12 0.48 0.85 L23 0.53 1700 4 br A.C. 1200 4 hr F.C. 85.9 38.4 34.5 71.4 
TABLE 5b SERIES 5 
4 5000 


— 


Creep strength 
. ——0.01%/1000 hr— 


———0.001%/1000 hr—. 
Item no. 900 F 1000 F 1022F 900F 1000F 1022 F 
351 2950 900 
2160 4600 1850 
2272 27000 = 13500 22500 6000 
2322 10000 5 4900 
2324 . 6800 2500 


of interest only during manufacture and handling. Sometimes 
these may be favorable but in many cases néw materials having 
strength at high temperature are likely to be relatively hard at 
room temperature and possibly lacking in the elongation that 
would occur at service temperature before any mishap could 
occur. : 

Series 2, 4, and 6 give both creep strength and rupture strength. 
A study of the creep strengths for a rate of 0.01 per cent per 
1000 hr in comparison with the 100,000-hr rupture strengths shows: 
that the rupture strength has little margin over the creep strength. 
This is a characteristic of all three materials as also of plain 
carbon steel. In other words, if a factor of safety of 3 to 1 or even 
2 to 1 is taken with reference to the 100,000-hr rupture strength, 
the creep strength for a rate of 0.01 per cent per 1000 hr will no 
longer be a limitation in the case of these materials. _ In fact, we 
would welcome lower creep strength and greater elongations if 
such a relationship were consistent with high long-time rupture 
strength at high temperature. Meanwhile the room-temperature 
properties are whatever result in satisfactory high-tempera- 
ture performance and may be definitely different from what has 
characterized the familiar materials of ordinary low-temperature 
applications. Elongations of 20 per cent sound generous and. 
conservative but after all it is the first half of one per cent in 
service that irons out the stress concentrations. 

This article has no new results to present in the matter of cor- 
rosion resistance. However, it appears appropriate to recall 
the Detroit Edison tests (4) run for 16,000 hr at 1100 F (for which 
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(These results fail to indicate that roman: adds to the creep strength at 
1000 F. 


TABLE 6a SERIES 6 
. Physical properties 
ASH E.L. 
Chemical composition Heat-treatment— 1000 1000 EL. R.A. 
Item no. Cc Mn Si Mo \Yi Deg F Deg F psi psi %, % 
0.57 0.50 AS 0.22 1920 8 hr, cool, 235 F/hr 1200 4 hr F.C. 82.9 47.4 28.5 58.8 
ee ose 0.57 0.50 1 0.22 Note Ae 1150 6 hr F.C. 97.1 51.6 25.0 54.6 
2282 C 0.21 0.78 0.32 0.95 0.31 Note Bé 1200 6 hr F.C. 95.6 46.9 21.5 47.5 
2283 C 0.16 0.75 0.21 1.14 0.29 Note B4@ 1200 4 hr F.C. 91.4 41.4 21.0 46.9 
2284 C 0.18 Ons 0.34 ist’ 0.23 Note Ba 1200 4 hr F.C. 91.9 39.9 24.0 47.8 
2370 Pb 0.20 0:58 0.26 1.04 0.21 1920 4 hr A.C. 1200 4 hr F.C. 143.9 114.9 20.5 60.1 
2375 P 0.20 0.58 0.26 1.04 0.21 1920 4 hr, cool to 1740 F A.C. 1200 4 hr F.C. 139.9 109.9 21.0 62.3 
2376 P 0.20 0.58 0.26 1.04 0.21 1740 8 hr A.C. 1200 4 hr F.C. 102.4 80.9 26.0 67.0 
a e posting: ‘ 
b P, Piping. 
br F.C. 1920 F, 1 hr, Cool @ 270 F/hr to 1740 F, Cool @ 1800 F/hr. 
a 1930 r tela, Cool @ 450 F/hr to 930 F. 1920 F, Hold, Cool @ 180 F/hr to 930 F 
TABLE 65 SERIES 6 
Creep strength, psi Rupture strength, psi, 
Item 0.01%/1000 hr 0.001%/1000 hr 10,000 br 100,000 hr 
no. 900 F 1000 F 900 F 1000 F. 900 F 1000 F 1100 F 900 F 1000 F 1100 F 
13000 4000 47000 25000 98002 40000 18000 53002 
35et 14000 6200 30000 12000 22000 6000 
2282 15500 8500 29000 20000 
2283 14000 pone 28500 18000 
14500 
3370 21000 12500 285002 18500? 
2375 22000 360002 23000? 
2376 13000 * 6800 330002 24000 


4 Test still running. 


860 


SERIES 6 


CREEP 
STRENGTH 


a10000 


STRESS 


11002 


‘ TEMPERATURE °F 


TRANSACTIONS OF THE ASME 


NOVEMBER, 1948 


50000 


SERIES 6 


RUPTURE 
STRENGTH 


MQ V. 


20000 


ISOOO 


STRESS _ PS) 


2000 


900° 100° 


1000° 
TEMPERATURE °F 


Fic. 6 Creep STRENGTH FOR A RATE OF 0.01 Per Cent PER 1000 Hr anv 100,000-Hr RuprurE 
STRENGTH FOR MoLYBDENUM-VANADIUM STEEL 


(These tests were either made on bars cut from piping or from castings of similar composition, see Table 6. 
(Note the superior high-temperature strength of this composition.). ] 


the General Electric Company furnished a certain number of 
test samples). Perhaps the most striking discovery in these 
tests was the uncertainty of any great difference in corrosion 
resistance between any of the several low-chromium-molybdenum 
compositions and plain carbon-moly steel. While there was a 
considerable spread among the various low-alloy steels, they were 
all, as a group, with plain carbon-moly in the middle, both much 
better than plain carbon steel and much poorer than 12 per 
cent chromium steel and the high-alloy compositions. 

While the object of this article is to present test results on 
samples of piping materials, the important question as to the 


relative propriety of the chromium addition seems to call for * 


some mention of the forging and bolting materials where there 
does not seem to be any uncertainty. For bolts, both low-tem- 
perature strength and short-time high-temperature strength 
are important as well as long-time high-temperature strength and 
bolts are not expected to be readily weldable. Under such 
conditions, with a carbon content of 0.40 per cent, the triple alloy 
containing the chromium addition as well as the molybdenum 
and vanadium seems definitely appropriate. Some test results 
are available to show that chromium adds to the long-time rup- 
ture strength at 1000 F of a moly-vanadium rotor forging at the 
0.30 per cent carbon level, which is too high for easy welding. 
However, at the low carbon level of piping and castings where 

_weldability is important it seems hard to justify the use of chro- 
mium on the basis of the data at present available. 
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Discussion 


J. J. Kanter.’ The author makes available additional creep 
and rupture data on steels of interest for high-temperature piping 
structures. This data comes as a timely and valuable contribu- 
tion to those who are concerned with the specification and appli- 
cation of piping steels for 1000 F services. 

This array of creep data, as have most previously published 
arrays, demonstrates that creep-strength values are apt to vary 
widely for a given type of material within its nominal chemical 
composition and for the various conditions of working and heat- 
treatments in which it must be utilized in structures. It would 
appear that if this seemingly inherent variability of creep 
strength is to be controlled within closer limits, more must be 
learned about some of the variables within manufacturing 
tolerance. 

It is rather impressively demonstrated in the author’s data 
that for the molybdenum-vanadium steels, a range of high- 
temperature strength obtains substantially above that for the 
molybdenum and chromium-molybdenum types. Other data 
corroborating this observation is to be found. Unfortunately, 


Fc es Research Engineer, Crane Co., Chicago, Ill. Mem. 


ROBINSON—SOME 1000 F STEAM-PIPE MATERIALS 


however, some evidence seems to have been found in several 
independent investigations that the molybdenum-vanadium 
steels, unless free of excess aluminum content, are quite unstable 
with respect to graphitization as arethe aluminum-bearing molyb- 
denum steels, 

_ The author states that he finds it hard to justify the use of 
chromium in piping and castings at weldable carbon levels. On 
merely a basis of high-temperature strength this statement might 
be warranted. However, from the standpoint of high-tempera- 
ture stability among the piping steels which are commercially 
procurable the specification of a substantial chromium content 
thus far seems to be the only measure which offers a thoroughly 
reliable safeguard against graphitization. Additions to steel, 
such as vanadium, molybdenum, titanium, and nickel with the 
presence of soluble aluminum, but without the substantial 
presence of chromium fail to inhibit graphitization. However, 
in the presence of a substantial chromium content the aluminum 
bearing steels with any or all of these afore-mentioned ingredients 
become graphitization-resistant. ~Thus as matters now stand, 
chromium is the only addition for which there is any clear-cut 
credit as a graphitization inhibitor in the presence of soluble 

-aluminum. It is very well to say that if the aluminum were 
ruled out there would not be any graphitization problem among 
the high-temperature alloy steels, but until specifications can be 
written for procurable material thus safeguarded, we must con- 
sider chromium as the only good insurance at our disposal. | 

Considerable emphasis has been placed for some years past on 
the minimizing of carbon content in steel for welded piping struc- 
tures to the end of facilitating the preparation of good welds. 

Now that 1000-F steampipe materials have become of vital con- 
cern, there may be a further reason for emphasizing the mini- 
mizing of carbon content, namely, good creep strength; and study- 
ing Mr. Robinson’s data one may find suggestions of such a 
factor. While the adverse effect which high carbon content has 
on creep strength has received some attention in creep literature 
the problem has been given little systematic study. The reason 
for this is perhaps due to the fact that the steam-pipe-materials 
problem has only recently moved up into the range of tempera- 
ture where the carbon effect on creep is of substantial magnitude. 
At 800 to 900 F, the effect of carbon on sustaining tensile and 
yield strengths is still of some moment. However, now that we 
are scrutinizing more closely the properties of steel at tempera- 
tures upward of 1000 F, the effects of carbon on the creep 
strength, per se, merits fuller study for all materials whether they 
be pipe, forgings, or castings. 


C. L. Crark.! While we are indebted to the author for the 
high-temperature data he has presented on a wide variety of 
steels, it is believed the title of his paper may be misinterpreted 
by many, for on the basis of all past practices at least, the condi- 
tion in which many of these steels were tested would not be con- 
sidered as suitable for pipe for high-temperature service. 

While none of the ASTM Specifications covering alloy-steel 


pipe have. hardness requirements, the alloys covered are identical . 
to those of the tubular specifications with respect te chemical 


composition and required room-temperature physical properties; 


and those tubular specifications, for the type stecls considered : 


by the author, never permit a maximum hardness in excess of 
163 Brinell. Unfortunately, the author does not include hard- 
ness values but he does give room-temperature tensile strengths. 
. By conversion the hardness of many of his steels range from 160 
to 280 Brinell, which is thus way beyond the hardness ever ob- 
tained in alloy pipe. 

It is known that the creep and rupture strengths of the lower 
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alloyed steels at 1000 F are greatly influenced by heat-treatment 
and structure, and thus by hardness, and it is believed that the 
author may be testing differences in hardness rather than differ- 
ences in composition. For example, tests which we now have in 


. progress definitely indicate that when Mo-V steel is annealed to 


156 Brinell its high-temperature strength is practically identical 
to 0.50 Mo steel annealed to even a lower hardness of the order 
of 137 Brinetl. * Likewise, the Mo-V steel (item 2250, Table 6a) 
which has room-temperature properties of the order of magnitude 
generally recognized as being suitable for piping has high-tem- 
perature strength characteristics very similar to many of the 
Cr-Mo grades now in general use. 

For the same reasons as set forth in the previous paragraph it is 
believed that a hasty reader may get a wrong impression from 
Fig. 5 where the author gives only a few spot tests whereas his 
other charts show a range of treatments. We have results to 
show that the creep strength of material having a composition 
like Item 2324 at 1000 F may be made to vary from about 6500 
to 15,000 lb depending on the structure and consequently in any 
comparison of this type the steel should have at least approxi- 
mately the same structure or heat-treatment. Although the 
author apologized for not presenting a range of treatments in 
Fig. 5, unless his warning about this matter is heeded, a glance 
at the diagram only is likely to give a very false picture with 
respect to the influence of variations in the composition alone. 
As a further example, this figure shows the 3 Cr 1 Mo steel to 
have only about half the strength of the 2!/, Cr 1 Mo analysis. 
All other published results show these two analyses to have 
about the same strength when in the same condition of heat- 
treatment. 

Everyone probably wishes that the author’s statements with 
respect to the room temperature properties of steels intended for 
high-temperature service could be accepted but it is personally 
believed that considerably more experience will have to be had 
with these harder alloys before such can be taken for granted. 
If this were true, then a considerable amount of time, money, 
and labor have been wasted in the heat-treatment of alloy pipe 
and particularly on the stress relief of field welds. As another 
angle of approach to this question, many engineers believe that 
few if any failures of piping systems occur at the operating tem- 
peratures but rather during the heating and cooling periods. 
They further feel that these failures, when they do occur, take 
place at a temperature of maximum rigidity for the system which 
may be rather ciose to room temperature. If this is so, room 
temperature properties, or those at slightly elevated tempera- 
tures, may be of greater importance than previously assumed. 

We cannot agree with the author’s remarks concerning the 
effect of alloy additions on the oxidation and corrosion resistance 
of steels for it is believed the addition of chromium is necessary 
to insure the desired degree of surface stability at temperatures 
of 1000 F and higher, particularly when an extremely long service 
life is desired. 

In closing we would like to ask the author what heat-treating 
cycle he recommends for stress-relieving field welds in Mo-V pipe 
and what hardness results? 


F. Eserue.> The experimental data presented in this paper 
offer much food for thought. Without careful study the reader 
may be led to assume that the low chromium-molybdenum steels 
up to about 3 per cent chromium which have proved themselves 
of outstanding value in high-temperature service possess inferior 
creep strength, particularly when compared with the 1 per cent 
Mo 1/4 per cent V steel developed by the General Electric Com- 
pany. The paper claims that in the corresponding treatments 
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the molyvanadium pipe steel is at 1000 F 50 to 100 per cent 
stronger than the low-chromium-moly compositions, and con- 
cludes with the statement that “at the low-carbon level of piping 
and castings where weldability is important it seems hard to 


justify the use of chromium on the basis of the data at present. 


available.” These far-reaching contentions do not seem to be 
adequately supported by the material offered. A careful study 
of the paper shows that no consideration has been paid to the 
melting and deoxidation practice and to the austenitizing grain 
size of the various steels with which the 1 per cent Mo 1/, per 
cent V steel is compared. Consequently, there is more than 
reasonable doubt that these steels were in a comparable condition 
with respect to the factors which influence creep strength. These 
low-chromium-molybdenum steels were developed to meet cer- 
tain corrosive conditions in high-temperature oil-refining opera- 
tions where they have been outstandingly successful. They 
have also given an excellent account of themselves in super- 
heater service. The significant fact is that they usually receive 
aluminum in the deoxidation practice and generally are given a 
full annealing treatment at moderately high temperatures, re- 
sulting in a medium- to fine-grained microstructure. Aluminum 
deoxidation, fine grain size, and slow furnace cooling in the 
final heat-treating operation do not permit these steels to attain 
their highest possible creep strength at such low temperatures as 
1000 F. However, it must be remembered that these low-chro- 
mium-molybdenum steels are intended for service at tempera- 
tures above 1000 F, i.e., beyond the indicated application limit 
of the 1 per cent Mo 1/, per cent V steel, and that they possess 
very satisfactory creep strength at these higher temperatures. 

In so far as the 1/2 per cent Cr 1/2 per cent Mo steel is concerned 
which has about the same temperature range of application as the 
1 per cent Mo !/, per cent V steel, there is evidence in the paper 
itself that the difference in creep strength between these two 
materials, on a comparative basis, is not nearly as great as the 
reader might be led to believe. For example, let us compare 
Mo-V steel No. 2376 of Series 6 which had been soaked for 8 
hr at 1740 F, followed by air-cooling and drawing at 1200 F, 
with the !/2 Cr 1/2. Mo steel No. 2260 of Series 4 which was an- 
nealed at 1700 F, i.e., at a lower temperature, for only two hours, 


followed by air-cooling and drawing at 1200 F, then we find the © 


following relative creep-strength values for 1000 F and 0.01 per 
cent creep in 1000 hr: : 
1% Mo 1/4% V steel No. 2376 13,000 psi 
1/.% Cr 1/2% Mo steel No. 2260 10,500 psi 


i.e., the moly-vanadium steel shows in this case a superiority of 
the order of 20 per cent rather than 50 to 100 per cent as indicated 
in the paper. 

Now let us compare Mo-V steels 2370 and 2375 in their 1920 F 
treated condition which should produce a rather coarse grain size 
favoring high creep strength, with the !/2 per cent Cr 1/: per cent 
Mo steels 2257 and 2258 in their hot-rolled condition in which 
they display a nonuniform medium to coarse grain size (ASTM 
Nos. 3-6), then we have the following creep-strength values, 
again for 1000 F and 0.01 per cent in 1000 hr: 


1% Mo 1/4% V steels 2370 and 2375 + —- 21,000 and 22,000 psi 
1/2% Cr 1/2% Mo steels 2257 and 2258 14,800 and 14,200 psi 


i.e., the moly-vanadium steels have a 30 per cent superiority over 
the 1/2 per cent Cr !/2 per cent Mo steel rather than 50 to 100 
per cent. There is reason to believe that this difference in the 
creep strength of the two steels would be much smaller if they 
were tested in the same grain-size condition. 
it may be of interest to note that two other laboratories also 
determined the creep strength of the two 1/2 per cent Cr !/2 
per cent Mo steels 2257 and 2258 in the as-rolled and 1200 F 
stress-relieved condition and obtained values of 15,000 psi and 
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20,000 psi, respectively, for 1000 F and 0.01 per cent/1000 hr.® 
Tapsell, Bristow, and Jenkins’ studied the creep and creep- 
rupture behavior of a plain 0.5 per cent Mo steel and a 0.5 per 
cent Mo 0.20 per cent V steel, at temperatures ranging from 986 
F to 1292 F, both steels made in an acid-lined high-frequency 
electric furnace and hot-rolled into 11/,-in-diam bars, and found 
““eonsiderable similarity in the creep behavior of the two steels 
in the air-cooled condition.’”’ Here again, the plain molybdenum 
steel was at a disadvantage from a grain-size standpoint because 
it had been normalized at 975 C, (1787 F) which produced a 
noticeably finer structure than that existing in the moly-vana- ~ 
dium steel which had been normalized at 1000 C (1832 F). 
Notwithstanding its more favorable microstructure, the moly- 
vanadium steel was found to have a margin of superiority of only 
about 10 C.(18-F) for 0.2 per cent creep in 100,000 hr when 
compared on a temperature basis. The chances are that this 
slight superiority of the moly-vanadium steel would have been 
further reduced or even completely wiped out if the plain molyb- 
denum steel had been testéd in the same grain-size condition. 

It therefore appears that the good showing of the 1 per cent 
Mo 1/4 per cent V steel described in the paper is largely depend- 
ent upon the conditioning treatment at 1920 F which is a highly 
undesirable temperature from a fabricating standpoint. Further- 
more, one cannot help speculating on the question of what welding 
would do to the creep strength of this high-temperature pre- 
conditioned steel. As for welding itself, a steel which displays 
a room-temperature tensile strength of about 140,000 psi after 
air-cooling from 1900 F, would seem to possess a very high degree 
of weld-hardening and would seem to be crack or notch sensitive. 
Such a steel should be rather tender with respect to welding in the 
field. It would therefore be interesting to obtain information on 
the microstructural and mechanical properties of such moly- 
vanadium weldments, both as-welded and stress-relieved and be- 
fore and after long-time creep testing at 1000 F. In experiments 
with weld metal containing 1 per cent and 2 per cent molyb- 
denum, we observed some years ago a marked degree of secondary 
hardening after conventional stress-relieving treatments. Does 
1 per cent Mo 1/, per cent V metal display similar character- 
istics? 

In conclusion, we should like to ask the author if he would re- 
commend the 1 per cent Mo 1/4 per cent V steel, which may be 
of great value for applications where extreme resistance to creep 
is of prime importance, for temperatures above 1000 F, let us say, 
1050 F, or would he then recommend the use of chromium-bear- 
ing molybdenum steels? 


F. B. Fotey.§ Attention is called to what seems to be an error 
in the reporting of Series 1. Item 1125 has a composition (Table 
la) which places it in the Mo group. It has a creep strength 
(Table 1b) at 1000 F of 9400 psi for 0.01 per cent per 1000 hr 
creep rate. The point plotted in Fig. 1 at that load is marked 
Cr-Mo. If, as Table 1a indicates, this item has no Cr, then its 
high (1830 F) austenitizing temperature is probably responsible 
for its position high up between two Mo-V steels. This kind of 


. strengthening is clearly indicated for 1000 F testing in Series 2. 


In Series 2 rapid (air) cooling from the austenitizing tempera- 


&“A Study of the Properties of 0.5 Per Cent Chromium 0.5 Per 
Cent Molybdenum Pipe Materials,” by R. C. Fitzgerald, A. B. Wilder, 
pee Sites and A. E. White. See this issue of Trans. ASME, pp. 

7“The Properties and Mode of upture of a Molybdenum and a’ 
Molybdenum-Vanadium Steel, Judged from Prolonged Creep Tests 
co by ie Tapsell, C. Bristow, and C. H. M. Jenkins 

e Institution o echanical Engineers—Jo ] ings, 
vol. 164, 1942, pp. 208-222. TRE: POG 
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He ture produces greater resistance to creep at 900 F than does slow 
_ (furnace) cooling. Shall we say this means that coarse ferrite and 
coarse carbide particles, the products of slow cooling, are contra- 
indicated for 900-F service? But the state of the ferrite and car- 
bide particles have no bearing on creep resistance at 1000 F. It 
is the temperature of austenitizing which determines resistance 
to creep at 1000 F, and the higher the temperature, and therefore 
the coarser the austenite, the greater the resistance. Series 4 
confirms these conclusions. 
| In Series 4, Item 2259 aluminum-killed and Item 2260 sili- 
_ con-killed are both austenitized at 1700 F. Presumably the silicon- 
killed 2260 coarsened more than the aluminum-killed 2259 and, 
_ from what Series 2 has taught, it should have the greater resistance 
to creep at 1000 F, and so it has. The same should be and is true 
of 2264 and 2265, the former, presumably finer grained than the 
_ latter, has the lower resistance to creep. Again, the resistance to 
_ creep at 900 F is not so much a matter of austenitic grain size as 
it is one of ferritic and carbide crystal sizes, the air-cooled speci- 
mens being more resistant to creep, as in Series 2, than the furnace- 
cooled ones. It is fair to assume that the ‘as received’’ material 
_ Items 2257 and 2258 were finish-rolled at a temperature high 
enough to coarsen both steels and thus to produce the similar 
_ results obtained in creep testing at both 900 and 1000 F. 
_ Confirmation of the trends noted in Series 2 and 4 can be found 
in Series 5. Item 2160, austenitized at only 1580 F, should give 
a low resistance to creep at 1000 F and does. Item 2322, austen- 
itized at 1900 F, should have a high resistance and it has. Item 
2324, austenitized at 1700 F, should be intermediate between 
_ 2160 and 2322 and it is.- Item 2272, as received, was again prob- 
_ ably finished at a high temperature, and had a coarse austenitic 
grain size and develops the highest resistance at 1000 F. 

Seriés 6 has to do with castings versus wrought material and 
develops the anomolous result that the wrought material is the 
more resistant to creep. Would the values have been reversed 

_ had the castings not been grain refined but had been merely tem- 

_ pered? Then the “as cast’’ grain size might have shown to better 
advantage. The basis for the statement that ‘the Mo-V pipe 

material is 50 to 100 per cent stronger than the plain Mo or low 
Cr-Mo compositions” is not clear. The higher C, higher Mo, 
and higher V compositions of Series 6 are also stronger than the 
lower C, lower Mo, lower V steels of Series 1. The greatest gain 
in strength follows the pattern set by Series 1, 2,4, and 5. Items 
2370 and 2375 coarsened at 1920 F are much stronger, nearly 70 
per cent, than the same composition austenitized at 1740 F as 
represented by Item 2376. This is not to say that the conclusion 
regarding the higher strength of the Mo-V steel is not correct. 

The strengthening effect of a high-temperature austenite 
coarsening treatment against flow at 1000 F is well brought out 
by the data in this paper. It is also clear that the great strength- 
ening of this type of treatment is not so important at 900 F as is 
the rate of cooling from the austenitizing temperature. 


\ 


A. B. Witper.? The creep results reported by the author for 
1/, per cent Cr 1/2 per cent Mo steel pipe, particularly in the as- 
rolled stress-relieved condition, indicate this type of material may 
be expected to have very satisfactory creep strength compared to 
C-1/, per cent Mo steel. The creep results for 1 per cont Mo : /s 
V per cent pipe, however, indicate much higher creep properties 
compared to the 1/2 per cent Cr-/: per cent Mo steel. These 
results are particularly significant in that a steel developed for 
castings has been applied to seamless pipe. 

The use of vanadium for seamless pipe should be explored and 
a considerable amount of work is being done in this field. The 
influence of chromium on Mo-V. steels is being studied and the 
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stability of steels of this type is being evaluated in a 10-year ex- 
posure program at elevated temperatures. 

Another interesting aspect of the work which has been reported 
is the successful fabrication of the 1 per cent Mo 1/, per cent V 
steel. This clearly demonstrates that high-strength properties at 
ordinary temperature or the use of special heat-treatments not 
involving liquid quenching may, within reasonable limits, be 
successfully adapted to commercial fabrication practices. In 
addition to evaluating the high-temperature mechanical proper- 
ties of new low-alloy steels for power-plant-piping service, it is 
necessary to determine if a new steel has properties at high tem- 
perature which will permit the piercing of solid rounds to pro- 
duce seamless pipe. Also, weldability of the material should be 
evaluated. No difficulty was experienced in piercing the 1 per 
cent Mo !/, per cent V steel studied in this investigation. One- 
half pound of aluminum per net ton of steel was used in the de- 
oxidation practice. Physical properties of the as-rolled seamless 
pipe were as follows: 


Yield, psi 
119,000 


Ultimate, psi % Elongation in 2in. Brinell hardness 
122,900 23 229 


The high-temperature treatment applied to the 1 per cent Mo 
1/, per cent V steel should result in grain coarsening and solution 
of vanadium carbide. In order to compare this type of steel with 
1/, per cent Cr 1/2 per cent Mo and*1 per cent Cr 1/2 per cent 
Mo steeis, creep properties of the latter steels should also be de- 
termined after grain coarsening. The transition temperature and 
impact properties of the 1 per cent Mo !/, per cent V steel would 
be of interest. | 


AUTHOR’S CLOSURE 


Mr. Kanter recognizes the virtues of vanadium but, on the 
assumption that aluminum has to be present, he makes a case 
for adding chromium. The author’s company buys pipe to a 
specification which limits the use of aluminum in the manu- 
facture of moly-vanadium pipe to an addition of no more than 
0.5 lb per ton and therefore finds it difficult to conclude that 
chromium must be used. While admitting that some evidence 
of small graphite nodules has been found in small induction- 
furnace heats of moly-vanadium, the author believes Mr. Kanter 
has exaggerated the possible instability of this material because 
no such evidence has ever been found in any of the large heats 
so far placed in service, either castings or piping, or in the rupture- 
test specimens examined after as long as 14,780 hr at 1100 F. 

Dr. Clark’s discussion brings out a fundamental difference in 
point of view about the matter of hardness which is very im- 
portant. Twenty-five years ago Prof. H. F. Moore’s tests showed 
that to improve resistance to repeated stress the most effective 
procedure was to increase tensile strength and hardness. There 
was a good correlation between fatigue strength and Brinell 
number. While there does not seem to be any such reliable 
connection between long-time high-temperature strength and 
room-temperature hardness, the author has always felt that the 
treatments that improve high-temperature creep and rupture 
strength were very likely to be accomplished by increased room- 
temperature hardness. 

As Dr. Clark points out, most certainly the author is making 
comparisons between different compositions in different condi- 
tions. To his point of view it would be quite unfair to make any 
final comparison on the basis of the same condition or the same 
treatment. Each material should be given the advantage of the 
treatment from which it benefits most. 

As regards the comparison between the 3 Cr 1 Mo and 21/4 Cr 1 
Mo composition, the author expressed regret in his manuscript 
that he did not have a complete spread of treatments of each. 
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(This diagram plotted from Table 7 gives, as of September, 1948, the results 
of the tests reported 10,000 hours earlier in Table 4b and Fig. 4. Some are 
still running.) ' 


Mr. Foley explained the reasons for the low value on the 3 Cr 1 
Mo. 

It is indeed too bad if money has been wasted on the softening 
of power piping but the author does not believe this has always 
been the case. The best high-temperature strength on piping 
is got as it comes air-cooled from the rolls, and the author has 
always felt this was because it was quick-cooled from a hotter 
temperature than fabricators were willing to go to after bending 
and welding. Otherwise we would try to get the same qualities. 

Ordinary stress relief of welds is not supposed to change the 
high-temperature properties. The relief of the localized strains 
about the weld ought not to soften the base material. There 
may be merit in the Detroit Edison proposal to normalize welds 
rather than just to strain-relieve them. 

Mr. Eberle attributes the development of the low-chromium- 
molybdenum steels as suited to the corrosive conditions of high- 
temperature oil-refining operations, a service somewhat different 
from 1000 F steam lines. The author believes that steam pipes 
merit their own specification. Mr. Eberle cites good comparisons 
from the author’s own figures in favor of a 20 to 30 per cent 
advantage for moly-vanadium steel instead of 50 to 100 per cent. 


TABLE 7 SERIES 4 


(Results compiled 10000 hours later than Table 4b) 
Rupture strength, psi 


Item ——~—10000 Hr—— ———100000 Hr—.~ 
no. 900 F 1000 F . 900 F 1000 F 
2257 42000 23000 34000 16500 
2258 45000 23000 39000 14000 
2259 38000 210002 29000 

2200 52000 22000 46000 11000 
2264 38000 210002 31000 

2265 39000 19000 29000 10000 


° Test still running. 
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(This diagram plotted from Table 8 gives as of September, 1948, results of 
the tests reported 10000 hours earlier in Table 66 and Fig. 6. Some are | 


| 
still running.) | 


1100° 


Fia. 8 


In arriving at his rough estimate of this range, the author could 
not escape looking at the low figures.sometimes obtained for the 


‘low-chromium-molybdenum steels reputed to be in proper 


condition. He has not found any such low values as Dr. 
Clark mentions in moly-vanadium samples intended for piping. 

Mr. Foley’s first remark calls attention to an erroneous omis- 
sion of the chromium content from the composition of Item 1125 | 
as given in the preprint of this article. The error has been 
corrected in this printing. The success with which Mr. Foley 
analyzes the relationships between treatment and creep strength 
is gratifying. 

The eventual outcome of the investigations described by Mr. 
Wilder will be awaited with interest. 

The author cannot help noting that every one of the discussers 
has commented on the creep strength while not one has‘mentioned 
the long-time rupture strength. It is the author’s feeling that 
the long-time rupture strength is considerably more important 
for piping in particular and that lower rather than higher creep 
strength would be welcome provided it could be obtained without 
impairment of the long-time rupture strength. : 

When the manuscript for this paper was prepared in July, 1947, 


TABLE 8 SERIES 6 


(Results compiled 10000 hours later than Table 6b) 
Rupture strength, psi 


Item — 


10000 Hr -~—~——100000 Hr— 
no. 900 F 1000 F_ . 1100 F 900 F 1000 F 1100F 
2250 47000 25000 10800 40000 18000 6800 
2251 30000 12000 22000 6000 
2282 29000 20000 
2283 28500 18000 
2284 300002 140002 21000% 85002 
2370 240002 130002 
2375 310004 150002 
2376 58000a 290002 170002 


* Test still running, 
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a number of the long-time rupture tests in Series 4 (0.5 per cent 
Cr, 0.5 per cent Mo) and in Series 6 (1 per cent Mo, 0.25 per cent 
V) were still running and the results were marked as tentative, 
Now in September, 1948, 10,000 hours later, some of these tests 
have been completed but not all. In Table 7 and Table 8 are 
given the latest available figures for the tests originally reported 
on the right-hand side of Table 4b and Fable 6b while the corre- 
spondingly revised diagrams appear in Fig. 7 and Fig. 8. 

It is still necessary to mark some of these tests as ‘still 
running.” The author invites study of these longer and there- 
fore more valid results. In both Series 4 and Series 6, there was 
a tendency for the 100,000-hr rupture strength to drop somewhat 
as the longer-time test points came in. However, that tendency 
appears to have stopped in the case of the moly-vanadium tests 
for which the existing predictions are now based on unbroken 
bars still running. Thus any further revision of these results 
should be upward. 

In conclusion the author notes that all discussers with the 
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exception of Dr. Clark find the moly-vanadium composition ad- 
vantageous, the principal argument having to do with the per- 
centage amount. From an over-all viewpoint, it appears to the 
author that Dr. Clark’s reservations are predicated on code rules 
which the author believes should be changed. New conditions 
of service ought to be recognized by new rules. The author does 
not advocate greater hardness for its own sake but is willing to 
tolerate it because it seems to accompany both long-time high- 
temperature strength and low-temperature cyclic strength. 

It so happens that all the moot points of discussion relate to 
the creep-strength figures which were final when the manuscript 
was first prepared and are unchanged now. However, the author 
feels he cannot conscientiously close this discussion without 
including the later figures for long-time rupture strength which 
have had to be definitely revised downward. On the other hand 
any further breaks in the still unbroken bars can only improve 
these results which still show a marked superiority of moly- 
vanadium over the low-chromium-molybdenum compositions. 
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A Study of the Properties of 0.5 Per Cent 
~Chromium—0.5 Per Cent Molybdenum 
| Pipe Steel . 


By R. C. FITZGERALD,' A. B. WILDER,? G. V. SMITH,? anv A. E. WHITE! 


Study of the mechanical properties, including creep, 
and of the welding and fabrication characteristics of steel 
containing 0.5 per cent chromium and 0.5 per cent molyb- 
denum, designed for elevated-temperature service, has 
shown this grade to be essentially similar to 0.5 per cent 
molybdenum steel without chromium. However, elevated- 
temperature exposure tests have shown the steel whether 
deoxidized with aluminum or not, to be resistant to 
graphitization in butt-welded pipe as well as bead-weld 
tests lasting up to 15,000 hr at 1025 F and 12,000 hr at 1100 
F. Scaling tests and hardness and notch-impact tests 
‘before and after air exposure at elevated temperature have 
indicated that only slight oxidation and little or no em- 
brittlement may be anticipated during service of this grade 
of steel. 


INTRODUCTION AND SUMMARY 


_ Since the occurrence, early in 1943, of severe local graphitiza- 
tion and failure of a welded joint of molybdenum steel in a high- 
pressure steam line at the Springdale Station of the West Penn 
Power Company, considerable effort has been expended by 
metallurgists and engineers in attempting, on one hand, to gain 
an insight into the fundamental factors involved in the reversion 
of carbide to graphite, and on the other, to develop alloys and 
manufacturing practices which will inhibit the formation of 
graphite during commercial usage. 

Of the several changes proposed to miaimize or prevent graphi- 
tization, that involving the alloying addition of chromium has 
generally been considered to be the most efficacious means of 
accomplishing this end. The co-operative study reported here 
was undertaken to test this possibility. An arbitrary chromium 
addition of 0.5 per cent to the 0.5 per cent molybdenum level 
commonly used for steam pipe, was selected. Since this in- 
vestigation was started in July, 1944, ASTM Specification A280- 
46aT relating to Seamless Chromium-Molybdenum Alloy Steel 
Pipe for Service at High Temperatures has been introduced. 
The chemical analysis of the steels studied lies within the scope 
of this specification. 

Two heats of commercial size, which cannot always be approxi- 
mated by small experimental or laboratory heats, were employed 
for the tests. These were rolled into 10%/,-in-OD Sete 25-in- 
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wall seamless pipe. The two heats were nominally identical 
except for the deoxidation practice employed, one being made to 
coarse-grained, the other to fine-grained practice. The coarse- 
grained heat was deoxidized with silicon only, i.e., no aluminum, 
while the fine-grained heat was deoxidized with 1!/, lb of alumi- 
num per ton of steel in addition to a prior silicon addition. 
Study of the influence of deoxidation practice was dictated by the 
important roles which aluminum plays in the service of steel at 
elevated temperature. A large aluminum addition results in 
fine grain size which, though beneficial to toughness and freedom 
from embrittlement, is generally considered detrimental to creep 
strength. In recent years a large aluminum addition has been 
clearly proved to contribute to susceptibility to graphitization. 
Yet the use of at least some aluminum is quite desirable from the 
purely mechanical aspects of steel processing to obtain desirable 
surface quality and thus economy of manufacture. Thus a 
compromise must be made in the aluminum addition to properly 
balance its good and bad effects. 

The two stecls have been extensively studied in most all re- 
spects that are of interest in the contemplated use of the material, 
and the results are described in detail in the following sec- 
tions prepared by the different co-operators. The statements 
ia the individual sections do not necessarily represent the opinions 
of the remaining authors. The results may be summarized briefly 
as follows: 


1 The mechanical properties of this material at ordinary 
temperature, Table 1, are at a slightly higher level than in 
the plain molybdenum steel. 

2 Satisfactory flattening and etch tests of the pipe may be 
expected. : 

3 Welding electrodes have been developed which will satis- 
factorily deposit 0.5 per cent Mo weld metal containing either 
of two levels of chromium content, 0.35 and 0.5 per cent, with 
properties similar to the base metal. 

4 Satisfactory procedures are available, for welding this 
material under commercial conditions. These involve preheat- 
ing at 500 F as well as postheating at 1300 F. 

5 Bending and upsetting tests indicate that this material 
may be fabricated as readily as other pipe material. 

6 The results of residual-stress measurement are presented. 

7 Tne material possesses adequate scaling resistance for the 
contemplated service range of temperature, Table 3. 

8 Hardness and notch-impact tests before and after ex- 
posure at elevated temperature indicate that no deleterious 
embrittlement may be expected during the use of this material, 
Table 3. 

9 Extensive studies have failed to show graphitization in this 
material, however deoxidized or initially or posttreated, when 
exposed up to 15,000 hr at 1025 F or 12,000 hr at 1100 F. 

10 The creep strength of this grade of steel is comparable to 
some of the low-chromium low-molybdenum types of steel. 

11 In the as-rolled and stress-relieved condition, heat 
X11647, to which was added 1.25 lb of aluminum per ton of 
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steel, had the higher creep strength, while in the normalized 
and stress-relieved condition, heat X11648, to which no 
aluminum was added, had the higher creep strength. 


MATERIALS 


PREPARED BY A. B. WILDER? 


~The 10%/s-in-OD X 1.125-in-wall seamless pipe used in this 
investigation was made from electric-furnace steel to applicable 
parts of ASTM Specification A206-44T for plain 0.5 per cent 
molybdenum steel pipe. All of the requirements in ASTM 
Specification A280-46aT, which had not been issued at the time 
the pipe was manufactured, were also met with the exception 
of the carburized austenitic grain size in the heat made to fine- 
grain deoxidation practice. Recently, Specification A280 has 
been changed from 0.40/0.60 per cent chromium to 0.50/0.70 
per cent chromium. The chromium content of the steels in- 
vestigated was 0.45/0.48 per cent chromium. 

The 0.5 per cent chromium—0.5 per cent molybdenum steel 
used in this investigation is essentially similar to the plain 0.5 
per cent molybdenum steel] from a specification point of view. 
The strength requirements of the chromium bearing steel are 
identical with those of the plain 0.5 per cent molybdenum steel, 
and in Specification A280, a carburized austenitic grain size of 
1 to 5 is specified while in A206 a structural grain size of 3 to 6 
may be and generally has been specified. 

Chemical Analysis and Mechanical Properties. The chemical 
and mechanical properties of the 0.5 per cent chromium—49.5 per 
cent molybdenum steels tested are shown in Table 1. Tests were 
conducted on as-rolled and heat-treated material removed from 
pipe wall. Heat-treatments were made of full pipe sections; 
the specification procedures employed are included in Table 1. 
Standard 0.505-in-round tensile test specimens were used. 
Photomicrographs corresponding to the five conditions of heat- 
treatment studied in graphitization tests are presented in Figs. 2 
and 3 for the two heats, and discussed in the corresponding 
section. 

Although no aluminum was added to the coarse-grain heat, 
steel of this type is frequeutly made with aluminum additions in 
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_ the ladle not exceeding 0.5 lb per net ton of steel. The use of iW 


aluminum in addition to silicon helps to insure a satisfactory 
etch test in the finished pipe. Although no aluminum was 
added to the coarse-grain heat studied, it contained a very slight 
amount of aluminum, most probably being introduced in the 
ferroalloy additions. The carbon and chromium contents of 
both heats were on the low side of the range. The silicon- 
aluminum-killed heat contained sufficient aluminum to insure a 
fine austenitic grain size after carburizing and a high coarsening 
temperature. 

Stress relieving at 1200 F increased the longitudinal and de- 
creased the transverse yield strength of both types of steel com- 
pared with the as-rolled condition. The transverse yield strength 
of all the steels tested in different heat-treated conditions ex- 
ceeded the longitudinal yield strength, particularly in the coarse- 
grain material. This condition may be associated with residual 
stresses in the pipe material. 

The 1950 F air-cool treatment increased the yield and tensile 
strength of the coarse-grain steel, but did not appreciably affect 
the fine-grain steel. The 1950 F furnace-cool treatment had, in 
general, the lowest mechanical properties of the material tested. 
The properties of 1650 F and 1450 F air-cooled materials were, in 
general, similar. Material annealed at 1350 F had lower me- 
chanical properties compared to similar material stress-relieved at 
1200 F. 

The tensile requirements of specification A280 (for as-rolled 
stress-relieved material) are met by either of the two heats ex- 
amined. The strength characteristics are on a slightly higher 
level than for the plain 0.5 per cent molybdenum steel. 

In addition to the chemical and mechanical properties shown 
in Table 1, satisfactory flattening and etch tests were obtained. 

Grain Sizeand Normality. Austenitic-grain-size determinations 
in the carburized region shown in Fig. 1 were made after car- 
burizing samples of the stress-relieved pipe material for 8 hr at 
1700 F and slow cooling in the furnace. The steel with no alumi- 
num addition was coarse-grained, ASTM 1 to 3, and the hypereu- 
tectoid case was normal, i.e., contained no free ferrite. The 
aluminum-killed steel was fine-graired, ASTM 6 to 8, and the 
metallographic structure was slightly abnormal. The grain size ~ 


TABLE 1 CHEMICAL ANALYSIS AND MECHANICAL PROPERTIES OF 0.5 
PER CENT Cr—0.5 PER CENT Mo STEELS 
Al added ; 
Heat no. Ib/net ton C Mn P Ss Si Cr Mo Al AlOs * 
X11648 None 0.13 0.50 0.009 0.019 0.22 0.48 0.56 0.003 0.002 
X11647 l/s 0.12 0.45 0.012 0.019 0.14 0.45 0.54 0.027 0.008 
1200 F 1950 F : 
As- Stress- 1350 F 1950 F Furnace- 1650F 1450TF - 
rolled relieved Anneal  Air-cool cool Air-cool Air-cool 
" : ; Heat no. X11648—No aluminum bd . 
Longitudinal 
ana ; 
0 psi) 40 47 41 51 5 
eso ae ‘ ie a aC 
1 psi) v1. 68 63 79 
Bipngerion % in ae oe he 
in. 32 33 37 5 5 
Transverse : ui tae ° 38 
ee 
psi 56 53 48 (> 
Sate eee ke a ve 
psi 75 yal 66 88 
Elongation % in oe eS ci 
2 in. 25 27 32 21 34 
Brinell hardness 143 124 124 163 112 13 31 
Heat no, X11647—11 i 
Ts Meee eat no /4 panel SECU R ton 
Be aoe a 
1000 psi) 38 49 41 
acu strength oy ¢ oA ge pa 
1000 psi) 66 67 63 63 
ropes % in 3 ue oe 
in. 34 33 37 
Transverse e ee a 20 2s 
Oe strength 
1000 psi) 53 50 45 42 
Be tub strength pe ae a 
psi) 70 67 62 65 
Elongation % in ee oe oe 
in. 28 29 34 30 . 
Brinell hardness 143 131 118 131 13 136 De 


FITZGERALD, WILDER, SMITH, WHITE— PROPERTIES OF 0.5 CHROMIUM—0.5 MOLY PIPE STEEL 


869 


re r 


Heat X11647, 11/4 Ls per Ton ALUMINUM 


Fie. 1 Austenitic GRAIN Size AND NoRMALITY REVEALED IN CARBURIZED SPECIMENS; NitTau Ercu 


characteristics of the pipe samples were similar to the results 
obtained on 101/,-in-diam rounds from which the pipe was made. 

Plain 0.5 per cent molybdenum steel was originally made to 
fine-grain practice, but coarse-grain practice was later optionally 
specified. This change in steelmaking practice was based on 
ereep-strength data, but the change in practice also resulted in 
greater resistance to graphitization although this latter was not 
‘recognized at the time. The coarse and fine-grain steels used in 
this investigation are therefore similar with reference to grain- 
‘size characteristics, to the plain 0.5 per cent molybdenum steel 
which is in power-plant service today. 


FABRICATION TESTS 


PREPARED BY R. C: FitzGEeRaup! 


Electrode Acceptance Tests. Up to the time of this testing pro- 
gram no cases of graphitization have been reported in weld metal. 
However, because of the possibilities of graphitization appearing 
Jater, it was considered desirable to stabilize the weld metal as 
well as the pipe material by a suitable chromium addition. A 


number of electrode manufacturers were requested to develop 
electrodes which would deposit weld metal similar in analysis 
to the pipe materials. Such electrodes were submitted by three 
manufacturers.® 

Electrodes submitted were of two types, E7010 and E7011, and 
were supplied in two chromium ranges: The electrodes were 
tested comparatively for ease of handling, soundness of deposited 
metal, and mechanical properties. Typical chemical analyses 
and mechanical properties of the weld metal deposited with 300 
F preheat and a stress-relieving of 1150 F are shown in Table 2. 
Standard 0.505-in. tensile specimens were used. 

In preliminary welding tests it was found that the type E7011 
electrodes were superior from the standpoint of ease of handling. 
Tensile fractures of these electrode deposits also showed fewer 
‘“fisheyes’”? compared to type E7010 electrodes, although there 
was little difference in mechanical properties. The type E7011 
electrodes were selected for all subsequent testing. For purposes 


5 Arcos Corporation, Philadelphia, Pa., Arcrods Corporation, 
Sparrows Point, Md., and Metal and Thermit Corporation, New 
York, N. Y. 
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TABLE 2 TYPICAL CHEMICAL ANALYSIS AND MECHANICAL PROPERTIES 
OF WELD METAL 


A.W. 
type Cc Mn P Si Mo 


E7011 0.10 0.43 0.017 0.19 0.59 
E7011 0.12 0.43 0.017 0.16 0.56 


of this testing program it was necessary to select a single analysis 
for the deposited metal. All electrode tests had shown that the 
0.35 per cent chromium and the 0,5 per cent chromium electrodes 
of the type E7011 were equally good. The 0.35 per cent chro- 
mium electrode was arbitrarily chosen for the procedure-qualifica- 
tion test, and all other tests involving welding. 

Welding Procedure. The development of a procedure for 
welding the chromium-molybdenum pipe materials involved an 
application of the practices developed for welding low-alloy 
steels. Preliminary work was conducted to determine a suitable 
preheat temperature and, subsequent to the development and 
qualification of the procedure, residual-stress measurements were 
made on full-sized butt welds to confirm stress-relieving practices. 

Weld-bead hardness tests indicated a maximum hardness of 
297 Brinell, with a base-metal temperature of 70 F, and 210 
Brinell hardness with 500 F preheat. These values were deter- 
mined by Rockwell A hardness traverse in the coarse-grained 
steel. The maximum hardness occurred in the pipe material 
close to the fusion line. In similar tests with the fine-grained 
steel, the values were 245 Brinell and 200 Brinell, respectively. 
On the basis of these tests, a minimum preheat temperature 
of 500 F was chasen. : 

The joint design and general welding procedure used in this 
investigation were similar to those used in the installation of 
approximately 250,000 kw of generating capacity with plain 
molybdenum steels. The minimum .preheat and the stress- 
relieving temperatures were the priticipal points of difference. 
The welding groove is a modified U-type groove machined so 
that the butting edges may be readily joined by a small oxy- 
acetylene root weld which takes the place of the customary back- 


ingring. After the root bead weld is made, the remainder of the © 


groove is filled by metallic-are welding in the conventional man- 
ner. The procedure specification is as follows: 


Base Metal. ASTM Specification A280-46 AT (with ex- 
ception of carburized grain size in the fine-grained heat). ; 

Filler Metal. (1) Oxyacetylene welding rod: ASTM Speci- 
fication A251-46T, Class GA-60, 1/3; in. diam. (2) Welding 
electrodes: ASTM Specification A-233-45T, 1/s in. and 5/59 in. 
diam. Type E7011. 

Position. Welding shall be done in the horizontal and vertical 
fixed positions. 

Welding Technique. Oxyacetylene weld: The first bead or 
oxyacetylene root bead shall be deposited in the backhand 
manner with a neutral flame. Metallic-arec weld: In horizontal 
joiats, beads of welding shall be deposited by weaving across the 
width of the welding groove. Vertical joints shall be welded 
by means of fillet-type welds deposited in layers in the welding 
groove. 

Preheating. The region of the joint shall be preheated to 
500 F minimum. This temperature shall be maintained until 
the welding is completed and stress-relief treatment is applied. 

Stress-Relieving. Stress-relieving shall consist of heating the 
welded joint by 60-cycle induction heating to the stress-relieving 
temperature of 1300 F at a rate not to exceed 500 F per hour. 
After the stress-relieving temperature is reached it shall be main- 
tained without interruption for a period of time equivalent to 
two hours per inch of pipe wall. 


Yield Tensile % % 
strength strength Elong. Red. 
Cr 1000 psi 1000 psi 2 in. area, 


0.27 66 80 27 60 
0.55 73 87 25 61 
0.35 70 83 25 63 
0.50 72 84 24 65 


A heated band at least four times the maximum width of the 
welding groove shall be maintained at stress-relieving tempera- 


ture during the soaking period. 
The cooling rate shall not exceed the heating rate. 


Bending anil Upsetting Tests. These tests were made on full-' 


size pipe from both heats of steel. The purpose of performing 
full-size fabrication operations of this kind was to determine if 


the addition of chromium to the molybdenum steel would in any | | 


way increase the difficulties of the pipe fabricators or necessitate 
any modification of common practices. 

One hot bend in pipe in each heat of steel was fabricated by 
practices employed with plain molybdenum pipe. The pipe 
sections were filled with sand, heated to 1700 to 1800 F, and pulled 
on a bending table to a curve of radius of four pipe diameters or 
approximately 40 in. As each section was bent true with a 
template it was quenched with a stream of water to hold its 
shape while the hotter sections were being pulled to shape. The 
quenching action was mitigated by the heat in the filling sand 
which quickly reheated the pipe to 1200 to 1400 F. After bending, 
the pipe showed no cracks or other defects.’ Ring sections cut 
out of the bends at points @f drastic quench were tested for hard- 
ness. The maximum hardness observed was 215 Brinell (by 
conversion from Rockwell B). 

The coarse-grained pipe was heated to 1900 F for upsetting. 
A Van Stone machine was used to upset the heated end an amount 
equivalent to 50 per cent of the original wall thickness. The 
material showed no hot shortness, and the maximum hardness 
after this operation was 163 Brinell (by conversion from Rockwell 
By 

The bending and upsetting tests indicated that the 0.5 per cent 
chromium—40.5 per cent molybdenum materials may be fabricated 
as readily as other pipe materials. 

Residual-Stress Measurements. Residual-stress measurements 
were made by the Welding Laboratory of the U. S. Naval Engi- 
neering Experiment Station on four welded joints in the fine- 
grained steel. Eighteen-inch lengths of pipe were joined with 
butt welds in accordance with the procedure already described, 
except that two joints were stress-relieved at 1275 F while the 
remaining two were stress-relieved at the specified temperature of 
1300 F. 

The residual-stress determinations were made by the method 
of direct relaxation. This method of residual-stress determina- 
tion is based on the relaxation of elements of the pipe by machin- 
ing. Stress is calculated from observation of strain produced 
by the relaxation operation. The results are as follows: 


id Average circumferential stress at the periphery of the 
pipe, 8700 psi (tension). 

2 Average circumferential stress at the bore of the pipe 
(internal surface), 6050 psi (compression). 

3 Distribution of this stress in the three-foot sections (weld 
at center) were as follows: (a) Weld zone, negligible (1000 to 
2000 psi) (b) unheat-treated ends of three-foot sections— 
8150 psi to 10,500 psi. 


To explain the high values of residual stress at the ends of the 


6 The Pittsburgh Pipe and Equipment Com j 
A : pany, Pittsburgh, Pa 
made the bending tests. W.K. Mitchelland Com i ieskiat 
Pa., made the upsetting tests. oe ee SEE 


NOVEMBER, 1948 | 
if 


FITZGERALD, WILDER, SMITH, WHITE—PROPERTIES OF 0.5 CHROMIUM—0.5 MOLY PIPE STEEL 871 


- locally stress-relieved joints one joint was re-stress-relieved at 
1275 F and the residual stresses measured by the relaxation 
method. The stress values in the region of the weld and stress- 
relief band were negligible, while the stresses in the unheated 
pipe ends ranged up to 15,000 psi. 


EXPOSURE TESTS 


PREPARED By G. V. SmirH? 


In the use of metals at elevated temperature, as in steam lines, 
several characteristics of the metal at the service temperature are 
of interest. The most important of these is of course the ability 
to support a stress which involves the measurement of creep 
strength; such determinations are reported in the next section. 
In addition to suitable creep strength, however, the metal must 
possess adequate resistance to scaling or other corrosive attack, 
as well as resistance to the deterioration in strength or toughness 
resulting from what is generally termed structural instability. 
Accordingly, this aspect of the suitability of 0.5 per cent chro- 
mium—0,.5 per cent molybdenum steels..has been examined by 
means of measurement of the loss in metal weight resulting from 
sealing, as well as of the change in hardness and notch-impact 
strength at atmospheric temperature, after exposure at elevated 
temperatures. In addition, quite extensive studies were made to 
determine the susceptibility of the steels to graphitization. 
These results were obtained by experiments conducted by the 
National Tube Company, the Consolidated Gas Electric Light 
and Power Company of Baltimore, and the Research Laboratory, 
United States Steel Corporation. 

Hardness, Notch-Impact Strength, and Scaling. Brinell hardness 
determinations (by conversion from Rockwell B) are reported in 
Table 3 for the two heats of steel in the heat-treated condition. 
These measurements were made on one-inch-square bars before 
and after exposure at 900, 1050, and 1100 F. The aluminum- 
deoxidized steel was studied in the normalized, annealed, and 
quenched and tempered conditions to determine the effect of 
exposure on widely different microstructures. Exposure at 
900 and 1050 F had little effect on the hardness, but exposure at 
1200 F resulted in a marked decrease in this property. 

The results of the standard Charpy keyhole notch-impact 
tests are also listed in Table 3. These tests were made on differ- 
ent portions of the same bars used for the hardness tests. A 
marked increase in notch-impact strength occurred on exposure 
for 10,000 hr at 1200 F, whereas the changes at the lower tem- 
peratures were of much less magnitude and in either: direction 
depending upon the temperature, deoxidation practice, and initial 
heat-treatment. The notch-impact strength of the silicon- 
deoxidized steel was notably inferior to that deoxidized with both 
silicon and aluminum. These data indicate that no harmful 
embrittlement is to be expected during the service of these ma- 
terials. 

The metal loss from scaling in air was also determined on the 
l-in-sq X 20-in-long bars after 10,000 hr exposure. The results 
are reported in Table 3 in terms of per ceat loss in metal weight, 
determined after removal of the scale by the sodium-hydride 
technique. The numbers given apply only to the shape tested, 


TABLE 3 


Hardness-Brinell 


Aladded Heat-treatment — 


b/net rior to As heat- ——-Exposed 10,000 hr—. 
Pere eee er ocatre treated 900 F . 1050 F 1200 F 
12B 0 1650 F—Norm. 143 143 134 98 
12DX 11/4 1650 F—Norm. 126 126 * 121 i 
12DY 1l/4 1650 aa Gite 118 112 112 98 
F— t 
ee sane ee suiench 183 187 159 95 


1200 F—Draw 


-—Charpy impact ft-lb, keyhole notech— 


but may be employed for other shapes by conversion to weight 
loss per unit surface area. Oxidation was slight at 900 and 1050 
F, but considerable at 1200 F. The results were not influenced 
by differences in initial heat-treatment. In the range of tempera- 
ture for which this steel has been recommended, 950 F maximum, 
entirely adequate scaling resistance is indicated by the results. 
Although no comparative data are at present available for other 
materials, it may be expected that these steels are slightly superior 
in this regard to plain molybdenum steel, but inferior to steels 
containing higher chromium (or/and silicon). 

Graphitization Susceptibility. The microstructural stability 
at elevated temperature, with particular reference to the resist- 
ance to graphitization of the two heats of chromium-molyb- 
denum steel, was studied quite extensively by metallographic 
techniques in several series of tests. 

Sections From Full-Size Welded Joints. In the most extensive 
series. of tests lengths of 10*/,-in-OD X 1.125-in-wall pipe were 
welded together and sections from these joints exposed for ex- 
tended periods at 1025 F, then examined with the microscope. 
Five different initial conditions of the pipe of each heat were 
employed as follows: 


Initial Conditions of Pipe Sections Prior to Welding 
Heat X11647 Heat X11648 


11/4 1b of Al no Al 
designation designation Treatment 
A F F As-rolled, stress-relieved at 1200 F 
B H 1950 F, air-cooled 
C J 1950 F, furnace-cooled 
D K 1650 F, air-cooled 
E L 1450 F, air-cooled 


Photomicrographs of each of these conditions are shown in 
Figs. 2 and 3 for the fine and coarse-grained steels, respectively. 
There is little or no difference between the two heats for the as- 
rolled and stress-relieved and the 1450 F air-cooled conditions. 
In the photomicrographs representing this latter treatment, 
the partial transformation of the as-rolled structure to austenite is 
apparent. Complete transformation to austenite occurred in the 
1650 F and 1950 F treatments and the difference in deoxidation 
practice may be observed in the size of the ferrite-pearlite or 
ferrite-Widmanstatten: regions resulting from subsequent re- 
transformation, particularly for the 1950 F treatments. The 
difference in rate of cooling from 1950 F has produced a strik- 
ing difference in microstructure for the coarse-grained steel, the 
faster cooling rate resulting in Widmanstatten, the slower in 
pearlitic, carbide regions. In the fine-grained steel the two 
cooling rates from 1950 F resulted in similar microstructure ex- 
cept for banding in the furnace-cooled sample. 

Five full-size joints were made, corresponding to the five 
initial conditions, in each case a 2-ft section of the fine-grained steel 
pipe being welded to a similar length of the coarse-grained 
steel pipe of the same initial heat-treatment. The welds were 
made by personnel experienced in welding steam pipe. The 
specific ¢onditions of welding are described in an.earlier section 
on welding procedure under the general section, “Fabrication 
Tests.’”’ Fig. 4a shows a polished and etched cross section of one 
of the welded joints. 

Subsequent to welding, three sections approximately 3 K 3 X 


) F 10,000-HR EXPOSURE AT 900, 1050, AND 1200 F ON HARDNESS, NOTCH IMPACT STRENGTH, AND SCALING 
a se OF 1-IN-SQ BARS OF 0.5 Cr—0.5 Mo STEEL 


Metal loss—due to scaling of 
l-in-sq bars; % loss in weight 


As heat- ——Exposed 10,000 hr : ———Exposed 10,000 hr 
treated 900 F 1050 F 1200 F 900 F 1050 F 1200 F 
35.3 33.0 43.7 62.3 0.8 1.6 24.0 
68.9 73.9 54.4 bis 0.7 1.8 =< 
62.9 58.0 51.0 98.0 RAD) 1.8 22.9 
66.9 69.5 76.4 94.3 0.9 Dad 24.2 
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Fig. 2 PHOTOMICROGRAPHS OF FINE-GRAINED Srpet. 
ed 1200 F; B, 1950 F, air-cooled; C, 1950 F, furnace-cooled; 


Nira Ercu, X100 
D, 1650 F, air-cooled; B, 1450 F, air- 


(A, as-rolled, stress-reliev 


cooled.) 
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NrraLt Ercu, X 100 
air-cooled; L, 1450 F, air-cooled.) 


Fig. 3 PHOTOMiCROGRAPHS OF CoaRsE-GRAINED STEEL. 


(F, as-rolled, stress-relieved 1200 F; H, 1950 F, air-cooled; J, 1950 F, furnace-cooled; K, 1650 F, 
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12/s in. were taken from each of the five joints to include the weld 
and a portion of the base metal on either side, as in Fig. 4a. One 
from each joint was stress-relieved at 1300 F for 4 hr, another was 
stress-relieved at 1200 Ffor 2!/, hr (this corresponds to commercial 
practice for plain molybdenum steel), and the third was not sub- 
jected to any postweld stress-relieving treatment. 


Cross Section THROUGH WELDED Joint; PrcraL-N1iTAL 


ErcH, X1 


Fie. 4a 


Fic. 46 Cross SEction THROUGH SINGLE-BEAD WELD TEst SPECI- 
MEN; PicraL-NiTaL Ercu, X1 


All 15 samples were then introduced into muffle-type furnaces 
at 1025 F for extended exposure. At periodic intervals the 
samples were removed from the furnaces, a section removed for 
microscopic examination, and the remainder reheated to 1025 
F for further exposure. Exposure was continued to a total of 
12,000 hr (1.4 yr) for all the samples, while those initially air- 
cooled from 1650 or from 1450 F were exposed for 15,000 hr 
(1.7 yr). . 

In addition to the samples just described, another set of two 
sections were taken from each of the five joints for exposure at 
1100 F. One of these was stress-relieved 2'/, hr at 1200 F, the 
other 4 hr at 1400 F, prior to exposure. The total exposure of 
these samples was 12,000 hr at 1100 F. 

None of the samples whether of coarse- or fine-grained de- 
oxidation practice and regardless of the preheat- or postheat- 
treatment or of the exposure temperature showed any graphite 
during the exposure, in any portion of the sample—weld metal, 
heat-affected region, or unaffected base metal. The photo- 
micrographs of Fig. 5 illustrate, before-and-after exposure of 
15,000 hr, the microstructure at low and high magnification in 
the region of the heat-affected zone in which localized (segregated) 
graphite is encountered when it occurs, and clearly show the ab- 
sence of. graphite. Some spheroidization may be detected as 
well as the occurrence of a fine precipitate characteristic of plain 
molybdenum and low-chromium-molybdenum steels. The 
photomicrographs of Fig. 5 are for the steel of fine-grained de- 
oxidation practice, initially air-cooled from 1650 F, and not post- 
treated after welding, but except for differences attributable to 
initial or postheat-treatment (i.e. in size of ferrite-carbide 
patches. etc.), they are characteristic of all samples. 
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Control specimens of plain molybdenum steel of fine-grained 
deoxidation practice field-normalized after welding were included | 
in one of the two 1025 F furnaces and in the 1100 F furnace. | 
In both’ instances considerable random graphitization occurred 
on exposure for 12,000 hr. ke 

Steam-Line Exposure. In addition to the sections from full-size 
welded joints described, a similar joint was made between a 
section of the fine-grained and one of the coarse-grained heat, 
each in the as-rolled and stress-relieved condition, and this joint 
welded into a regular steam line operating at 900 F and 1250 psi 
steam temperature and pressure. This joint has now been in 
service for 10,000 hr, but in view of the results of the longer time 
exposure at 1025 F, has not yet been examined. It is planned to 
continue this, joint in service indefinitely and to make periodic 
examination for graphite. <. 

Single-Bead Weld Tests. Since it has often been observed that — 
the severity of localized’ or segregated graphite is inversely pro- 
portional to the width of the weld-heat-affected region and, in 
fact, that graphite may sometimes occur in a narrow heat-affected 
region and not at all in a wide heat-affected zone, single-bead 
welds with a rather narrow heat-affected region were made on 
sections of pipe approximately 4 X 3 X 1'/s in. of both the fine- 
grained and coarse-grained chromium-molybdenum steel in the 
same five initial conditions described earlier. .On the opposite 
faces, of each section a weld bead with a somewhat wider heat- 
affected region was laid down. Fig. 4b shows the appearance of a 
transverse section through one of the specimens. 

The specific weld conditions employed in this-series of tests 
are summarized as follows: 


Test Conditions for Single-Bead Weld Tests 


Preheat, none 

Postheat, none 

Electrode, Type E7020 f 
Weld type, bead weld deposited in flat position 


Narrow bead Widé bead 
Current, amp 200 285 
Are voltage 28 30 
Speed, in./min 9 3 


Heat input, Btu/in. 35 162 


These specimens were exposed for a total of 10,000 hr, with 
microscopic examination at intervals of 2000, 5000, and 10,000 
hr. In no case did graphite form. The microstructures ob- 
served before and after exposure are similar to those shown in 
Rioaoae 

Unwelded Bars. The bars of coarse and fine-grained steels 
exposed for 10,000 hr at 900, 1050, and 1200 F for the hardness, 
notch-impact, and scaling determinations summarized in Table 3 
were also examined for graphite. None was observed. 


CREEP STRENGTH OF 0.50 Cr—0.50 Mo STEEL 


PREPARED By A. E. Wuire4 


Creep tests were made at 950 and 1000 F on samples cut from 
the as-rolled and stress-relieved pipe from both heats. Nor- 
malized and drawn samples were also tested at 950 F. The 
tests were of approximately 1000 hr duration and were selected to 
establish the stress for a creep rate of 0.01 per cent per 1000 hr 
or 1 per cent per 100,000 hr. 

In view of the unexpected results from the tests on the as-rolled 
samples, verifying tests were conducted at two other laboratories. 
The major portion of the testing was concentrated on samples 
cut from as-rolled and stress-relieved pipe because that is the 
condition in which it is most widely used. Most of the tests 
were made at 950 F as that was, in general, the upper operating 
temperature for which this particular composition was intended. 
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X100 Brrore ExposurE 


Vii 


1000 Brrorr ExPosuRE’ 


X 1000 ArrER ExPosuRE 


Fic. 5 Srrucrurr In Weitp Hear-Arrectep Zone Berore AnD Arrer 15,000 Hr Exposure at 1025 F or Fine-Grarnep STEEL INITIALLY 


Arr-CooLep From 1650 F anp Nor PostrreatTep AFTER WELDING; 


MATERIAL TESTED 


The material tested was classified as first, second, and third 
samples, as follows: 


1 Test bars cut from the as-rolled and stress-relieved pipes 
from heats X11647 and X11648 described by Mr. Wilder in the 
first section of the paper. (Designated as first samples.) 

2 Similar test bars cut at random from another section of the 
as-rolled and stress-relieved pipe from. heat X11648 and sub- 
mitted at alater date. (Designated as second samples. ) 

3 Bars from the first samples normalized at 1650 F for one 
hour and air-cooled and then stress relieved at 1200 F for 
onehour. These heat-treatments were carried out in small labora- 


tory furnaces. 


The as-rolled and stress-relieved samples were tested at both 
950 and 1000 F. The normalized and stress-relieved samples 
were tested only at 950 F. A duplicate test on an as-rolled and 
stress-relieved sample from heat X11647 was conducted at 1000 
F by Crane Company. Duplicate tests on the second lot of 


Nitau-Picrat Ercu 


samples from heat X11648 were made at 950 F at both the 
United States Steel Research Laboratory and the University of 
Michigan. An additional test was conducted on this material 
at 1000 F by the University. All ee tests were of approxi- 
mately 1000 hr duration. 

The effect of creep testing on the properties of the steel was 
checked by means of tensile, impact, and hardness tests, and by 
metallographic examination of the specimens after pee gee of 
the creep tests. 

RESULTS 


The results from the creep tests are shown by logarithmie curves 
of stress versus creep rate in Figs. 6 and 7. The creep strengths 
shown by these curves are summarized in Table 4. The signif- 
icant results from these tests were as follows 


1 Both heats of the 0.50 Cr—0.50 Mo steel had excellent 
creep strength. The stress for a rate of 0.01 per cent per 1000 
hr (1 per cent per 100,000 hr) at 950 F ranged from 10,500 to 
25,500 psi. The as-rolled and stress-relieved samples gave 
strengths of 15,000 and 20,000 psi at 1000 F. 
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Fic. 6 Crepp-Trest RESULTS Fig. 7 Crerp-Trst RESULTS 
TABLE 4 CREEP STRENGTHS AT 950 AND 1000 F FOR 0.50 Cr—0.50 Mo STEEL 
; Stress for a 
Alumi creep rate of A 
added’ Brinell Test temp. 0.01%/1000 hr Testing 
Heat no. (Ib/ton) Sample Treatment hardness (deg F) (psi) gees! 
X11647 1.25 Ist As-rolled pipe stress relieved at 1200 F 131 950 aus v os ae 
X11648 None 1st As-rolled pipe stress relieved at 1200 F 124 950 BB ee 
X11648 None 2nd As-rolled pipe stress relieved at 1200 F ae 950 cep EG tps 
X11648 None* 2nd As-rolled pive stress roves at age Be ; Sa 5 950 : .S. 
X11647 25) 1st Bars cut from pipe, then normalize ra 
: 1650 F and stress relieved 1 a ane an 121 950 10,500 U of M 
X11648 None 1st Bars cut from pipe, then normalize ra 
si 1650 F and stress relieved 1 hr at 1200 F 156 950 rapes iu of vi 
X11647 1.25 Ist As-rolled pipe stress relieved at 1200 F 131 1000 porous 2 (0) san 
X11647 25 Ist As-rolled pipe stress relieved at 1200 F 131 1000 a oes : 
X11648 None Ist As-rolled pipe stress relieved at 1200 F 124 1000 be u o ne 
X11648 None 2nd As-rolled pipe stress relieved at 1200 F Be 1000 15, fo} 


2 In the as-rolled and stress-relieved condition, the heat to 
which aluminum was added (heat X11647).had the higher creep 
strength at both 950 and 1000 F. 

3 In the normalized and drawn condition, the silicon-de- 
oxidized heat (heat X11648) had the higher creep strength. 

4 The agreement between duplicate tests at different labora- 
tories leads one to believe that testing techniques were not re- 
sponsible for the unusual creep characteristics observed. 

5 Creep testing at 950.and 1000 F had no appreciable effect 
on the physical properties of 0.50 Cr—0.50 Mo steel at room tem- 
perature, as is shown by the data in Tables 5 and 6. Microscopic 
examination did not show any detectable structural alteration as a 
result of creep testing. 

6 The tests show that these steels appear to have creep 
strengths comparable to some of the low-chromium, low-molyb- 
denum types of steel. 


Discussion or CREEP PROPERTIES 


The creep strengths observed for the 0.50 Cr-0.50 Mo steels 
in this investigation indicate that they have good high-tempera- 
ture properties. Like all steels, however, they may have a wide 
range in creep strengths, depending on the steelmaking practice, 
the conditions of fabrication, heat-treatment, and other possible 
factors. The work reported by no means covers all of the pos- 
sible variables. 

The results of the tests on the normalized and drawn samples 
were in the usually accepted order. That is, the steel to which 
no aluminum was added had a higher creep strength than the 
steel with the aluminum addition. 

In the tests at 950 F on the pipe steel in the as-rolled and stress- 
relieved condition, the-steel with the aluminum addition had a 
higher creep strength than the steel to which no aluminum was 
added. The creep strength of the steel with no aluminum addi- 
tion appeared to be lower than would normally be expected. 
However, since the three tests that were run to obtain the stress 
for a creep rate of 1 per cent per 100,000 hr all fell on the same 
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straight line, the test procedure is therefore assumed to be accurate. | 

This feeling is confirmed by the close agreement resulting from i 
check tests with the U. S. Steel Corporation, though in this case | 
higher stress values resulted, and with Crane Company, though | 
in this latter case the test was made at 1000 F. | 

Whether the value should be 13,500 or 18,000 psi, or some other | 
value, is left to the reader’s judgment. 

Again, it is interesting to note that at 1000 F in the as-rolled | 
and stress-relieved condition the steel with the aluminum addition | 
had a higher creep strength than the steel to which no aluminum 
was added. 

Attention is-also called to the similarity in creep strength at | 
950 and 1000 F for the first lot of as-rolled and stress-relieved | 
samples from heat X11648 (no aluminum added). What is | 
surprising is that the test at 1000 F showed a higher creep strength 
than the test at 950 F.. The check tests showed results which are 
believed to be in the normal order, i.e., the creep strength at 
950 F is higher than the creep strength at 1000 F. Had the first 
set of tests at 950 F been run for a longer time period than 1000 
hr, the results might have been different, though all of these tests 
were run for 1000 hr as that is the normally accepted time period 
to determine the creep rate for a given stress. 

A further interesting matter is the widely differing creep 


‘strengths from the two heats, with apparently identical micro-- 


structures as shown in Figs. 2a and 3f when in the as-rolled 
and stress-relieved condition. The explanation must be that 
there are other factors than grain size and carbide structure con- 
tributing to creep strength. 

It is important to note, however, that both heats had ‘very 
good creep strengths, even though the results did not follow the 
expected trends when the tests were made on samples in the as- 
rolled and stress-relieved condition. ; 


CONCLUSIONS 


The 0.50 Cr-0.50 Mo steels were found to have excellent 
creep strengths at 950 and 1000 F. No evidence of detrimental 
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Creep-testing conditions 


: Temp. Stress 
Material Treatment (deg B) (psi) 
Heat no. X11647  As-rolled pipe stress relieved at igi 
1.25 lb per ton of 1200 F mio 
aluminum added , 950 15,000 
25,000 
' 1000 20,000 
Bars cut from pipe then normal- Original 
ized 1 hr at 1650 and 950 11,500 
y stress relieved 1 hr at 1200 F 15,000 
Heat no. X11648 As-rolled pipe stress relieved at Original 
No aluminum 1200 F 950 15,000 
added 20,000 
¢ 1000 14,000 
: 17,500 - 
- Bars cut from pipe then normal- Original 
ized 1 hr at 1650 F and stress 950 20,000 * 


relieved 1 hr at 1200 F 


0 Elonga- 

Time of Tensile Offset yield stress Propor- tionin Reduction 
test strength (psi) tional limit 2 in. of area 
(hr) (psi) (0.1%) (0.2%) (psi) (%) (%) 

» 66,200 43,500 45,500 25,000 32.0 63.0 

1025 68,000 43,500 46,800 27,500 30.0 68.3 
1025 67,500 . 45,800 47,300 30,000 32.5 68.5 
1295 67,200 44,700 47,000 30,000 32.5 67.0 
65,125 43,500 45,000 25,000 37 78.5 

1107 63,000 42,000 43,500 25,000 36.5 78.5 
1105 63,750 42,800 44,800 28,500 38 78.5 
66,800 43,000 43,800 27,500 33 66.5 

1025 67,750 40,000 43,000 27,500 35 69.7 
1005 67,700 44,500 46,500 27,500 34.5 68.5 
1295 70,000 42,800 45,700 22,500 32.0 66.0 
1105 69,200 43,500 46,500 22,500 31.0 65.3 
72,500 52,500 54,000 47,500 30.0 70.0 

1007 75,000 53,000 55,000 37,000 32.5 69.0 


f 


COMPARATIVE IMPACT AND HARDNESS PROPERTIES AT ROOM TEMPERATURE 


FOR 0.50 Cr + 0.50 Mo STEELS BEFORE AND AFTER CREEP TESTING 


TABLE 6 
Material Treatment 
Heat no. As-rolled pipe stress relieved at 1200 F 
X11647 


1.25 lb per ton 
of aluminum 


a added hour at 1200 F 
Heat no. As-rolled pipe stress relieved at 1200 F 
X11648 


No aluminum 
added 

hour at 1200 F 

a 0.365-in-sq specimens with 0.050-in-deep V-notch. 


‘changes in physical properties or structural alteration was ob- 
‘served during creep testing. 

In the as-rolled and stress-relieved condition, heat X11647, 
to which 1.25 lb per ton of aluminum were added during de- 
oxidization, had the higher creep strength. 


Bars cut from pipe then normalized 1 
hour at 1650 F and stress relieved 1 


Bars cut from pipe then normalized 1 
hour at 1650 F and stress relieved 1 


Creep-test conditions Modified ‘ 
Time Izod impact Vickers 
Temp. Stress of test strength hardness 

(deg F) (psi) (hr) (ft-lb) # number 
Original 86 156 
950 32,500 1005 86,91 162 
1000 25,000 1012 93, 92 159 
Original 82,91 136 
950 20,000 1005 90,95 136 
Original 20 147 
950 25,000 1005 13,10 155 
1000 22,500 1205 14, 20 156 
Original 56, 61 162 
950 30,000 1105 60, 78 165 


When normalized and stress relieved, heat X11648, to which 
no aluminum was added, had the higher creep strength. 
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bility tests. 
_structural stability after various aging @ycles. 
is presented to illustrate the effect of aging at elevated 


ithe Structural Stability of Several Cast Low- 


Alloy Steels at Elevated Temperatures 


By V. T. MALCOLM! anp S. LOW,” INDIAN ORCHARD, MASS. 


The effect of temperature on several cast low-alloy 


_ steels has been investigated in the laboratories of The 
_ Chapman Valve Manufacturing Company. ASTM A217- 
_ 46T Grade WC1, and modifications of this composition, 
_ were surveyed thoroughly. The following variables were 
investigated with respect to structural stability: (1) The 
_ effect of aluminum on a cast carbon-molybdenum steel; 
(2) the effect of furnace practice on a cast carbon-molyb- 
_ denum vanadium steel; 


(3) the effect of chromium on a 
cast carbon-molybdenum steel; (4) the effect of vanadium 
on a cast carbon-molybdenum steel; (5) the effect of var- 


- s e e . Pi . . 
_ lous combinations of chromium, vanadium, and titanium 


on a cast carbon-molybdenum steel; and (6) the effect of 


chromium, nickel, and high molybdenum on a cast 
_ carbon-molybdenum steel. 


The physical properties of the alloys investigated are 


_ given in detail. Data are presented on the results of Mc- 


Quaid-Ehn, tensile, Jominy hardenability, creep, and welda- 
Photomicrographs are used to illustrate 
New work 


temperature on static bend bars and V-notch Charpy bars. 
HE discovery of a most deleterious type of segregated 


graphite in the carbon-molybdenum steel steam lines in 
the Springdale Station of the West Penn Power Company 


_ early in 1948, instituted numerous investigations as to the cause, 


effect, and prevention of similar occurrences in steam lines in 


- operation and others in the process of construction and design. 


Since the company with which the authors are associated pro- 


- duces steel valves for high-temperature steam service, it became 


necessary to carry out extensive co-operative and independent 
research programs in its laboratory to investigate graphitiza- 
tion in alloy-steel castings. A careful study of the available 
literature, together with the results of our investigations, has led 


_ us to believe that graphitization of the segregated chain type, as 


observed in Springdale piping, does not occur in castings. Graph- 


~ ite in cast-alloy steels is generally found to be of the nodular 
dype, rather randomly distributed, even in the low-temperature 
__ heat-affected zones of weldments. ° 


At the time of the Springdale failure, manufacturers were fur- 
nishing valves to ASTM A217-46T Grade WC1 specifications for 
high-temperature steam service. As a general rule, most of these 
castings were poured in green*sand molds, and the steel ‘‘killed”’ 
with 11/2 to 3 lb of aluminum per ton. It has been our practice, 
since 1937, to furnish castings for this service to the chemical 
specifications of ASTM A217-46T Grade WC1 with the following 


1 Director of Research, The Chapman Valve Manufacturing 

ompany. 
fe 2 Reeth Engineer, The Chapman Valve Manufactifring Com- 
pany. Jun. ASME. ; 

Contributed by the Joint ASTM-ASME Research Committee on 
Effect of Temperature on Properties of Metals, and presented at the 
Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of Tun 
American Socirry or MecHAnicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-174. 


additions: Cr, 0.25 to 0.30 per cent; V, 0.06 to 0.10 per cent; 
Ti, 0.02 to 0.04 per cent. This steel, known as CMCVT, meets 
the chemistry of A217-46T WC1, and possesses superior creep 
properties and greater stability at elevated temperatures. 

In order to investigate the problem logically, with respect to 
castings, the following types of cast alloy steels were investigated: 


1 ASTM A217-46T Grade WCl. (a) Killed with 0.35 to 
to 0.45 per cent Si, (b) killed with 2 lb Al per ton. 

2 ASTM A217-46T Grade WC1 + 0.08 ‘to 0.12 per cent. 
(a) Induction furnace heat, (b) basic electric-arc furnace heat. 

3 ASTM A217-46T Grade WC3. 

4 ASTM A217-46T Grade WC3 + 0.08 to,0.12 per cent V + 
0.05 to 0.07 per cent Ti (Chapman CMCYT). 

5 ASTM A217-46T Grade WC1 + 0.90 to 1.10 per cent Cr + 
0.08 to 0.12 per cent V. i 

6 ASTM A217-46T Grade WC1 + 1.25 to 1.50 per cent Cr + 
0.20 to 0.25 per cent V + 0.70 to 0.90 per cent Mo (total). 

7 ASTM A217-46T Grade WC4 + 1.00 per cent Mo (total). 


The chemistry, heat-treatment, tensile properties, and McQuaid- 
Ehn test results for the various heats investigated are shown in 
Table 1. 

Weld beads were laid on sample coupons utilizing the method 
proposed by Battelle Memorial Institute (1). All specimens 
were stress-relieved after welding at temperatures shown in 
Table 1, 

At the beginning of the investigation it was felt that micro- 
scopic examination of samples alone, while showing conclusive 
evidence of the graphitization resistance of a steel, nevertheless 
left much in doubt. Chain-type graphite, when segregated in a 
manner similar to the Springdale findings, undoubtedly markedly 
affects the physical properties of the steel; but how deleterious is 
one nodule of graphite viewed in a 100 X microscope field? 

Careful consideration of the problem seemed to indicate that a 
physical test for static ductility, coupled with a physical test 
for impact resistance before and after aging. at 1025 F, might 
indicate the effect of temperature on the alloy steels tested. It 
was decided to use a bend-test and a V-notch Charpy impact 
bar as test specimens. Fig. 1 illustrates an etched cross section 
of a welded test coupon with the location of the test bars shown. 
A standard-size Charpy bar and a !/s X 3/16 X 8-in. bend bar 
were used. The V-notch on the Charpy bar was located so that 
the low-temperature heat-affected zone in the base metal was at 
the root of the notch. The bend bar was located (and subse- 
quently bent) in such a manner that the low-temperature heat- 
affected zone of the base metal was in tension. ‘Table 2 contains 
the results of the bend and impact tests before and after aging. 

At the time of the instigation of this investigation, it was felt 
that the optimum aging temperature was 1025 F; since that time, 
however, Hoyt, Williams, and’Hall (2) have shown the maximum 
rate of graphitization occurs at a somewhat higher temperature. 
Test results reported in this paper were obtained from specimens 
aged at 1025 F. Fig. 2 illustrates the muffle furnaces in The 
Chapman Valve Manufacturing Co. laboratory used for aging. 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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MALCOLM, LOW—STRUCTURAL STABILITY OF CAST LOW-ALLOY STEELS 


steel S-1 is relatively coarse-grained and of Type I and II nor- 
mality, nevertheless, it graphitized, although not so severely as 
‘steel S-2. The aluminum reported in the chemical composition 
of steel S-1 is of the order of magnitude usually encountered in 
straight silicon-killed cast steels. Unfortunately, or fortunately, 
aluminum is not altogether without its good points. It is im- 


Fie. 3 Steer §-1, Low-Temprrarurs Herat-Arrecrep 


YY 


YY, 


Fic. 4 Sresi 8-2, Low-TemperaturRE Heat-AFrrecTeD 


ZONE; 
500, Nrrat-Picrau Ercu, Acrep 20,000 Hr ar 1025 F 


ZONE; 
6500, Nirat-Picrau Ercu, Acrep 20,000 He at 1025 F 


perative that steel be deoxidized with aluminum if sound ductile 
castings are to be secured from green-sand molds. 

The deleterious effects of aluminum may be mitigated by using 
11/4 to 13/, lb of aluminum per ton added in the form of shot. In 
our practice, we add the aluminum shot in small quantities to the 


ladle as the furnace is being tapped. This practice insures that 


the major portion of the aluminum will combine with the oxygen 
in the steel and be brought to the surface because of the violent 
agitation in the ladle during tapping. The acid-soluble aluminum 
remaining in the steel is then a minimum and the steel is more 
normal as shown by the McQuaid-Ehn test than a steel deoxidized 
with aluminum ingot. “2 

Since there have been some thoughts advanced that graphitiza- 
tion may be controlled by manipulation of the initial rate of aus- 
tenite transformation when a casting cools in the sand mold, a 
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heat of ASTM A217-46T Grade WC1 steel was cast to investigate 
this theory. One set of test bars were removed from the sand at 
2000 F and water-quenched, the second set were allowed to cool 
in the sand mold to room temperature. Both sets were subse- 
quently heat-treated in accordance with Table 1. If the theory 
that graphitization proceeds at a higher rate in castings cooled 


Fig. 5 Stren, S8-3a, Low-Temperature Heat-AFFEcTED ZONE} 
500, Nirat-Picrat Ercu, Acep 9000 Hr ar 1025 F 


Fic. 6 Srert §-3b, Low-Temperature Heat-Arrectep ZONE; 
500, Nirat-ProraLt Ercu, Acep 9000 Hr ar 1025 F 


slowly, because of a concentration of carbon in regions high in 
alloy content, thereby producing relatively stable lakes of aus- 
tenite which will ultimately transform to an unstable carbide 
and hence to graphite, is correct, it would be reasonable to as- 
sume that steel S-3a would be more stable than steel S-3b. Ex- 
perimental results to date do not tend to conclusively substantiate 
or refute the theory. Figs. 5 and 6 illustrate these steels. 

A rather important variable in the production of cast alloy 
steels is the method of melting. Steels S-4 and S-5 were made 
almost identical in chemical composition. S-4 was melted in an 
induction furnace while S-5 was melted in a basic electric-arc 
furnace. Approximately 0.10 per cent vanadium was added to 
the base chemical composition of ASTM A217-46T Grade WC1 
(S-4 and S-5) in an effort to increase the stability of the carbides. 
Figs. 7 and 8 illustrate the aged structure of the low-temperature 
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500, Nrrat-Picran Ercu, Acep 20,000 Hr ar 1025 F 
ores te a 
Fie. 8 Steen 8-5, Low-Temperrature Hear-ArrectTep ZONE; 


500, Nivau-Prcray Ercu, Acep 20,000 Hr at 1025 F 


heat-affected zone. The difference in the rate at which graphi- 
tization occurs may be,readily noted. It is also obvious that 
the addition of 0.10 per cent vanadium alone to ASTM. A217-46T 
Grade WC1 is not sufficient to insure carbide stability. 

Fig. 9 illustrates the structure of the low-temperature heat- 
affected zone of steel S-6. Steels S-7 (CMCVT), S-8, and S-9 
are modifications of S-6 containing more alloy content. Steel 
8-7 (CMCVT), as previously noted, was originally developed in 
1937 to increase the creep strength on Grade WC1. At the time 
this steel was developed, the alloy content of WC1 was increased 
judiciously so that superior creep properties could be obtained 


at a low cost, the chromium content being 0.25 to 0.30 per cent, 


vanadium 0.06 to 0.10 per cent, and titanium 0.02 to 0.04 per cent. 
Power plants using this particular steel for valves have run up 
to 10 years at temperatures as high as 930 F without any evidence 
of graphitization. Fig. 10 illustrates the structure of the low- 
temperature heat-affected zone of this steel after aging. 

In the light of the knowledge gained in the last four years, the 
alloy content has-been increased in this steel so that the chro- 
mium is now 0.60 to 0.80 per cent, vanadium 0.16 to 0.15 per cent, 
titanium 0.02 to 0.05 per cent. This steel is basically a welding 
grade and experimental work has shown its suitability for both 
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Fic. 9 Stent S-6, Low-TemprraTURE HeEat-AFFECTED ZONE; 
500, Nrrat-Prcrat Ercu, Acep 20,000 Hr ar 1025 F 


Fig. 


10 Srpe. S-7, Low-Temppraturp Heatr-Arrecrep Zone; 
500, Nrrat-Picrau Ercu, Acep 20,000 Hr ar 1025 F 


field and shop welding including the weld-joining to higher-chro- 
mium-content steel piping. . 

Steels S-8, S-9, and S-10 were made to investigate the properties 
of materials containing more alloy content than ASTM A217-46T 
Grades WC3 and WC4. Figs. 11, 12, and 13 illustrate the strue- 
ture of the low-temperature heat-affected zones after aging. 

Since all of the steels are intended for welding in both the shop 
and field, Jominy hardenability tests and Battelle weldability 
tests (4) were conducted. The Jominy bars were quenched from 
2100 F to insure complete carbide solubility and to simulate 
welding temperature. Table 3 shows the results of these tests. 

The creep strengths of the various alloys have been de tenes 
and are shown in Table 4. 

In conclusion it may be stated that a sufficiently high chromium 
content, or the proper combination of chromium, vanadium, 
and titanium added to ASTM A217-46T Grade WC1 cast alloy 
steel will insure carbide stability as shown by laboratory tests 


extending to a total of 20,000 hr at 1025 F. The Chapman Valve 


Manufacturing Co. cast alloy, known as CMCVT, has been 
proved stable in installations operating up to:930 F for times 
extending to 10 years. All the steels investigated are readily 
weldable, providing certain proper precautions are taken. 
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Note: Jominy tests are reported in this form to conserve space. 
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Fic.'11 Srmer 8-8, Low-TeMPERATURE Heat-AFrecTED ZONE 
500, Nrrat-Picraut Ercu, Acrep 9000 Hr ar 1025 F. 


Experiments, not reported in this paper, have proved that 
eat-treatment is related to the graphitization rate and steels 
should be ‘‘drawn” at as high a temperature as commensurate 
with the required physical properties, if maximum carbide sta- 
bility is desired. 
Aluminum must be used to deoxidize steel castings, but it is 
| preferable to use silicon as a killing agent prior to the aluminum 
 deoxidation. Alloys such as vanadium and titanium should 
_ be added in a manner that insures they will,combine with carbon 
* rather than oxygen. 
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TABLE 4 CREEP STRENGTHS OF VARIOUS ALLOYS 


E 
tg 


; Temperature Creep strengths, psi, 
= Mark (deg F) 1%/10,000 hr 1%/100,000 hr 
-1, S-2, S-3a, 8-36 900 27,000 16,000 
: : 1000 12,000 8,000 
_ §-4, 8-5 900 29,000 17,800 
is 1000 14,200 9,200 
—§-6 950 30,000 18,000 | 
S. 1000 16,000 10,000 
S-7 900 : 33,000 20,000 
1000 : 27,000 13,200 
950 30,000 18,200 
1000 17,500 12,000 
950 33,000 19,600 
1000 23,000 13,400 
950 26,000 15,300 
) 1000 12,000 7,200 
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TABLE 3 HARDENABILITY AND WELDABILITY TEST RESULTS 
sash 
, $3 Jominy hardenability test: \ sweldabl ay: 
8-1 2 a and b S-4 + . : Crack 
De RC’ D F 8-5 8-6 8-7 S-7 8-8 8-9 length 
Wisae 4 a = Ee Deke PRC PPB RCW hy! + ROOM Ree ROL | DUIRG Race Meant seins 
4.43.5 rare rea 127 1 40 W135 1 43.5 1 45 1 48 1 50 8-1 0 
8 30.5 gaa (8 aves oer 4 37 4 25 4 40 4 42 4 46 4 50 8-2 0 
fo 696 See ae 8 18 8 26 8 24 8 31 8 36 8 41.5 8 50 Seer ATi) 
ne. 84 tattor hae eee Min: PO hehe dQ 22 12 26 Ie SaC6ur 1B isOiSn Ilse 40, S-3b 0 
20. 22 20 23 20 oiiselilsni as 16% 2255 1621 16 23 16 32 16 38 16 46 8- 0 
So Sa eee oe SAS Olay ee 20 22 201819. 5% =-20)20 20 31 20 36.5 20 43 8-5 0 
28 19.5 28 20 28 20 38 12 5 38 19.5 38 17 38 18.3 38 39 38 34.5 38 37.5 57 0 
5 Be 28 esate els B 
32 18 32 19 3219.5 32 10 32 16 32 15 32 18 32 29. 33 33.3 32 35.5 8-8 0 
8-9 0.10 
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__# Distance from quenched end of specimen. 1/j¢in.; b Rockwell hardness, C-scale. 
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Discussion 


A. B. Witprr.* The authors have presented interesting and 


worth-while information concerning the properties of low-alloy 


4 Chief Metallurgist, National Tube Company, U. S. Steel Cor- 
poration Subsidiary, Pittsburgh, Pa. 
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cast steels for power-plant service. Reference is made to the use 
of aluminum in the deoxidation of steels for sound castings. The 
practice used in the deoxidation of !/2 Cr, 1/2 Mo and 1 Cr, 3/2 
Mo steel for’seamless pipe results in a coarse carburized austenitic 
grain size of 1-5 while most of the castings examined were fine- 
grain steel. In the melting of coarse-grain steel for seamless pipe 
less than 1/2 lb per ton of aluminum is used, and this practice 
should not be overlooked in a comparison of the properties of 
seamless pipe with steel castings. 

An appreciable amount of chromium and nickel was present 
in the cast steels investigated. Although it is recognized that 
chromium inhibits graphitization, experimental data have indi- 
cated that nickel, when present in a sufficient amount, will in- 
crease the rate of graphitization. Graphitization was observed 
in some of the cast steels*with !/, per cent chromium. This has 
also been observed in seamless pipe and technical information to 
date indicates that at least 1/2 per cent chromium should be pre- 
sent in '/2 per cent molybdenum steels for resistance to graphi- 
tization. ‘ 

The occurrence of graphitization in cast vanadium bearing 
steels should be noted. Graphite has also been observed in 
several Mo-V induction-furnace heats with and without the use 
of aluminum in the deoxidation practice. However, the be- 
havior of small induction-furnace heats may differ from steel 
melted under commercial conditions in an electric-are furnace. 
This is illustrated in the hardenability data reported in Table 3 


TRANSACTIONS OF THE ASME 


/ 
i} 
| 


| 


NOVEMBER, 1941 


f 
f 
f 


of steel S-4 which appears to be low compared to the other steel 
investigated. The behavior of small induction-furnace heat, 
may frequently be associated with the cleanliness of the steel. ) 

The stabilizing influence of titanium with reference to graphi 
tization is under investigation in the laboratories of Nationa’ 
Tube Company. A steel of this type should be compared witl 
chromium bearing steels. Additional data will be required before 
the stabilizing influence of titanium will be generally recognizec| 
in the manufacture of seamless pipe. Further, the piercing) 
properties of such a steel would require evaluation. ° 

Although graphitization of the segregated chain type has sel} 
dom been observed in castings and seamless pipe, the occurrence] 
of nodular graphite is not desirable. All types of graphitizatior| 
should be aveided in the development of steels for power-plant| 
use as carbide stability is one of the desired objectives. 
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The authors wish to thank Dr. Wilder for his information re-} 
lating the behavior of cast and wrought steels. Both the deoxi-| 
dation practice and the tramp elements present in the steels} 
investigated, reflect normal commercial practice. . 

The authors agree with Dr. Wilder that the behavior of an 
electric-arc-furnace heat cannot be predicated on the behavior 
of a small induction-furnace heat; although an “ored” induction 
heat will behave somewhat similiar to an electric-arc-furnace} 
heat. 


Theory and Practice of the Crush-Dressing 
Operation on Grinding Wheels 


By E. C. HELFRICH,! CINCINNATI, OHIO 


This paper presents a qualitative analysis of the crush- 
dressing process based upon experimental evidence. The 
; theory developed herein accounts for the forces involved, 
power requirements, rate of wheel removal, the effect of 
wheel and crusher diameters, and surface speed on the | 
crushing process. The equations and data presented will 
enable the designer to engineer crush-dressing applica- 
_ tions more intelligently, and will contribute to a clearer 
understanding of the process by all who may be interested 
in applying it. The advantages and disadvantages of 
crush-dressing versus diamond-truing are discussed with 
reference to the physical properties of crystals. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


R = radius of grinding wheel 


r = radius of crush dresser 
L = length of are of contact, BD in Fig. 1 
6 = angle subtended by are of contact at center of crush 
: dresser ; 
F = resultant force between grinding wheel and crush 
dresser 


6/2 = angle between F’, and center line of wheel. 

h = penetration of crusher into grinding wheel. It will 
also be referred to as penetration per revolution, or 
thickness of ring of material removed each time 
acrush dresser traverses the circumference of wheel 

b = widthof contact between crusher and wheel 

A = dL = br sin 6 = projected area of contact between 
crusher and wheel 

» = F/A = pressure (stress) existing at the area of contact 
between crush dresser and grinding wheel 

T = torque necessary to crush-dress 

W = rate of wheel removal 


INTRODUCTION 


Within the past decade the ancient art of crush-dressing grind- 
ing wheels has been improved and applied to a variety of pre- 
cision-grinding operations in the modern machine shop. At 
present crush-dressing is rapidly finding its place as a valuable 
tool in industry; however, diamond-truing has not been replaced 
by any means. Most authors on this subject agree that, while 
diamond-dressing may produce a more accurate surface of revolu- 
tion, and a somewhat better finish on the work, crush-dressing 
has often proved itself to be the most economical process. Crush- 
dressing, moreover, has the advantages of providing cooler 
grinding and less normal force, plus its adaptability to the 
process of dressing intricate forms in the wheel surface. Vitri- 


1 Research Engineer, Research Department, The Cincinnati Mill- 
ing Machine Company. Jun. ASME. 

Contributed by the Special Research Committee on Metal Cutting 
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presented at the Semi-Annual Meeting, Milwaukee, Wis., May 30- 
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Grinding Wheel 


Crush Dresser 


Fig. 1 Grometrry or Crush DrEssInG 


fied grinding’ wheels lend themselves most readily to crush- 
dressing, and are, in fact, the only type to which this process 
has yet been applied successfully in commercial practice. 


THEORY OF CrusH-DRESSING 


The abrasive grains in a grinding wheel are arranged in much 
the same manner as the atoms in a crystalline material. These 
grains are held in place by the bond which may be compared to 
the forces holding the atoms in place in a crystalline solid. Be- 
tween the grains are voids which might be compared to the empty 
space existing between atoms in a crystal. 

In the manufacture of grinding wheels, the grains (excluding 
special mixtures) are maintained approximately equal in size by 
screening. The strength of the bond between grains is deter- 
mined by the ratio of bond material to grit material, and is 
maintained as uniform as possible by a thorough mixing of in- 
eredients. The voids are produced by putting particles of an 
organic material into the mix which burns out when the wheel 
is fired. The extent to which a grinding wheel measures up to 
the ideal, i.e.,-grains uniform, bends of equal strength, and uni- 
form spacing, depends upon the excellence of the manufacturing 
process. 

In view of this analogy, one might suspect that the material 
of which:a vitrified grinding wheel is composed will have many 
of the properties of a crystalline solid. This leads at once to 
the fundamental assumption of the theory of crush-dressing, 
namely, that a definite pressure (force per unit area) must be 
applied to the grinding wheel by the crush dresser to overcome 
the resistance to penetration, i.e., the grinding-wheel structure 
exhibits a definite ‘‘crushing pressure.’’ In other words, if the 
voids have sufficient volume to accommodate the grains as they 
are pushed inward, and the average force to dislodge each indi- 
vidual grain is constant throughout a given grinding wheel; the 
ultimate pressure that the wheel will support is equal to the prod- 
uct of that force times the number of grains per unit area. 
Assuming the structure to be uniform throughout, this ultimate 
crushing pressure may be considered to be a constant for a given 
wheel. Actually, this has been found by experiment to be the 
case; the pressure (force per unit area of contact) between crush 
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dresser and wheel has been found to be essentially a constant for 
a given wheel. } 

In crush-dressing, the force is normal to the wheel surface and 
consequently the grains are pushed inward as they are detached 
from the wheel. As they are pushed inward they must have 
some place to go, that is, the voids must be large enough to 
accommodate the grains until the crusher passes by, at which time 
the coolant should wash the detached grains from the wheel sur- 
face. If the voids are too small, many grains undoubtedly will 
be wedged tightly into the wheel structure. Experiment in- 
dicates that this is the case, particularly for larger values of pene- 
tration of the crush dresser into the wheel, which causes the 
grains to be pushed inward greater distances. If the voids are 
filled in the manner described, the crushing pressure will be in- 
creased because the individual grains encounter greater resistance 
to movement when detached from the wheel structure. 

The way in which the system adjusts itself to this constant 
pressure is readily appreciated if it is borne in mind that the 
arc of contact increases as the penetration of the crush dresser into 
the grinding wheel increases. When a certain force is applied 
to the dresser, the penetration increases until the area of contact 
is large enough so that the pressure is equal to the “crushing 
pressure,”’ i.e., the maximum pressure that the wheel will support 
without further penetration. Therefore, during crush-dressing, 
the stress existing between the crush dresser and grinding wheel 
remains equal to the crushing pressure of the given grinding 
wheel. 

In order to make use of this principle, it is of course necessary 
to know the area of contact A, between crush dresser and wheel. 
Referring to Fig. 1, we see that the arc of contact Z, of the crush 
dresser with the wheel extends from B to D. Since the angle 
subténded by the arc of contact is small, (generally from 0 to 
2 deg), BD and BG are approximately equal to the half-chord 
whose length is denoted by y. The penetration h, of the crusher 
into the wheel may be divided into sagittal distances, h; and he, 
such that 


h=h +h 


Then by the sagittal theorem of geometry (see Appendix), since 
his small compared with R and 7, and L is approximately equal 
to y 
OE Ue 
la ee 
or al 2k 


where 7 is the radius of the crush dresser, and R is the radius 
of the grinding wheel. Hence 


2hRr 
LG IS Nee ac peo ooe bbe 
i 1; +R) a 
and 
2hRr 
A=bL=b @4/——................ f 
(+ B) ol 


where b is the linear width of contact, and A is the projected area 
of contact. The projected area of contact is defined to be the 
actual area of contact projected on a plane perpendicular to the 
center line of the grinding wheel and crush dresser, i.e., perpen- 
' dicular to the line of action of the normal crushing force. Since 
we are interested in the normal crushing force, it is necessary to 
use the projected area of contact. If an element of area A, on 
the crush dresser be inclined at an angle ¢, to the axis 
of the crush dresser, then the element of normal force F, corre- 
sponding to this area is 


F = pAA cos ¢ 


‘ inches off the radius per minute. 


1 
i 
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where A cos ¢ is the projected area of contact. If the crush | 
dresser is a right circular cylinder, the projected area of contac! 
is very nearly the same as the actual contact area, whereas in) 
form dressing it is not. 
As already pointed out, the pressure on the projected are 
of contact in crush-dressing has been found to be a constan |} | 
for a given wheel. Thus the resultant force 7’, between crusk | 
dresser and grinding wheel is equal to this pressure times the} 
projected area of contact. Therefore we may write 1} 


F= pa = pb \ SS 3 | 


‘ 
where F denotes the resultant crush-dressing force, and p denotesiff) 
the crushing pressure.* Since this force is assumed to be equally, 
distributed over the area of contact, the line of action of theif 
force F, will bisect the arc of contact, and consequently will 
be inclined to the center line of the wheel at a very small angle 
(0/2 in Fig. 1). Because this angle is small, (from 0 to 1 deg}|93 
Fis approximately equal to the radial or normal crushing force. 

However, because 6/2 is not zero, F has a tangential component} 
and therefore the torque necessary to drive the grinding whee)\iq 
in crush dressing is equal to the product of this component andl 
the radius R. This is the same, however, as the product of the} 
force F, and the moment arm HC, in Fig. 1. By using the} 
sagittal-arc theorem, similar triangles, and simplifying, we get\}) 


ete y" (r + R) 


b| 


2r 
and using Equation [3] and simplifying | 
T = FIC) = pbk... ee eee [4] 


where 7’ denotes the torque required. 
The penetration h, of the crush dresser into the wheel may bell 
thought of as the radial feed per revolution, therefore 


. 
where, if h is in inches, W- will be the rate of wheel removal in i 


Having selected a rate of wheel removal and a satisfactory} 
surface speed, the penetration h, is thereby determined, Equation i} 
[5]. Given also the crushing pressure p, for a given wheel, the |) 
radii (& and r) of grinding wheel and crush dresser, and the width }} 
of wheel b, to be crush-dressed; then the radial force F, and the}! 
torque 7’, necessary to crush-dress may be computed by means 
of Equations [3] and [4]. Thus the quantities which are of t 
greatest importance from an engineering standpoint can be cal-.| 
culated from the crushing pressure p, and the readily obtainable |} 
quantities h, R, r, and b. | 


Meruop or Ostarninc Dara 


The theory presented in this paper was arrived at as a result | 
of an attempt to explain a considerable quantity of data taken | 
with a crush-dressing setup in the research laboratories of the }! 
author’s company. Data are presented herein to demonstrate | 
that the theory is valid if certain limitations are kept in mind. 

The apparatus used, Fig. 2, consisted of a 2-in-diam solid cylin- } 
drical crush dresser made of high-strength steel hardened to { 
Rockwell C-64. The dresser was mounted on the outside of | 
sealed precison ball bearings which in turn, were fitted on a shaft. | 
The dresser and assembly were mounted as an integral part of a 
hydraulic piston. A mating cylinder and mounting fixture | 
were securely fixed to the table of a cylindrical grinder in such a | 
manner that the center line of the crusher roll and piston were 
at the same height as the center line of the grinding wheel. Force 
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“> 
Fie. 2 Experimenta, CrusH Dresser Mountep on TABLE OF 
CENTER-Typr GRINDER 


“was applied to the crusher roll hydraulically by means of the 
cylinder and piston. A hydraulic circuit was provided con- 
taining a special pressure-reducing valve, which made it possible 
_to control the pressure over wide limits, and therefore vary the 
radial force on the dresser over rather wide limits. This valve 
also served to maintain the pressure at a constant value through- 
out a test. A square-shouldered throttle valve built into the 
cylindrical surface of the piston and the cylinder wall was used to 
position the piston and crush dresser very accurately (to = 
0.0001 in.). High-pressure oil was applied to the intake port on 
the throttle, while the exhaust port was connected to the reser- 
voir. The incoming and outgoing resistances (square shoulders 
on piston and ports on cylinder) were functions of the relative 
position of the piston in the cylinder. Thus the hydraulic 
pressure in the central chamber of the valve was a function of the 
position of the piston in the cylinder. 

The object of the test was to measure the penetration per 
revolution of a given grinding wheel over a wide range of normal 
crushing forces. The force was maintained at a constant value 
during a determination, and the time necessary for the crush 
dresser to penetrate 0.005 in. was measured with a stop watch. 
The grinding wheel was powered with a direct-current motor 
and control unit which maintained the speed of the wheel con- 
stant at 25 rpm (92 fpm). The crushing pressure for the wheel 
was then computed by means of Equation [3] (solving for p). 

A big problem in earlier tests was the elimination of the effect 
of machine deflection in measuring the penetration of the dresser 
into the wheel. This was overcome by the use of the throttle 
valve on the piston. The load was adjusted to that used in the 
test (wheel stationary) and the piston and dresser position ad- 
justed by means of the grinder infeed until the pressure between 
the ports of the throttle valve was zeroed at about one-half pump 
pressure. The wheel was then moved in 0.005 in. by means of a 
0.0001 dialindicator. With the piston and wheel in this position 
at the start of a test run, the dresser had penetrated 0.005 in, 
when the piston and valve returned to the zero position. 

After a penetration of 0.005 in. was reached, the wheel surface 
was found to contain slight hills and valleys arising from non- 
uniformity of wheel structure. The throttle valve served to 
integrate this unevenness and give an average value for the final 
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Fig. 3 CrusHina PressuRE Versus RapiaL ForcrE oN CRUSHER 
Rouu FoR THREE 80-GRAIN-S1zE GRINDING WHEELS, GRADED H6, 
K6, and M6 


Discussion or Data 


Fig. 3 is a plot of the crushing pressure versus the normal 
force on the crush dresser for three 80-grit wheels, graded H, 
K, and M by the manufacturer. Superimposed on these curves 
are the dotted constant-penetration lines, showing the variation 
in the penetration per revolution. It can be seen at a glance 
that the crushing pressure fulfills the theoretical assumption in 
that it appears to have a constant value between a range in 
penetration of from 0.0001 in. to 0.0003 in. per revolution of the 
grinding wheel. It develops that for values of the penetration 
less than 0.0001 in. per revolution, the length of the are of contact 
is equal to or less than the average spacing between the grains 
in these wheels. In view of this, the fact that the crushing pres- 
sure is somewhat erratic in this range is not hard to understand. 
It would undoubtedly be advantageous to control the penetration 
or the crushing force during a crush-dressing operation so as to 
remain in the range where the crushing pressure is constant. 
We might conclude, therefore, that for the purpose of engineering 
calculations, the crushing pressure is constant in the useful range 
for these wheels. 

Since wheels of fine grain size are usually recommended for 
crush-dressing applications, a 120-K and a 180-I wheel were 
tested. These data are presented in Fig. 4. The value of the 
crushing pressure appears to increase gradually throughout a 
range of penetration of from 0.000025 to 0.00015 in. per revolu- 
tion for the 120-K wheel. For the 180-I wheel, the pressure 
appears to increase slowly from 0.000025 to 0.0001 in. penetration 
per revolution. If an average value is taken for the crushing 
pressure between these rdnges and for these wheels, we could 
assume it to be a constant without introducing an error larger 
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than 5 per cent. For penetrations larger than 0.00015 in. for the 
120 wheel, and 0.0001 in. per revolution for the 180 wheel, the 
crushing pressure increases at a greater rate. Thus it appears 
that if we exceed a certain rate of crush-dressing for a given 
wheel, the voids are too small to accommodate the material 
removed until it has a chance to be washed away by the coolant. 
It also would be expected that, as the penetration and the 
amount of material removed increase, a portion of the crushed 
material is wedged into the voids so tightly that it is not removed 
by the coolant after the crusher has passed by. This would be 
undesirable from the.standpoint of grinding practice, and there- 
fore it would be advisable not to exceed those rates of penetration 
for which the crushing pressure approximates a constant. When 
a Brinell hardness test is performed on the side of one of these 
grinding wheels, the mean pressure supporting the ball is found 
to be from 1.5 to 8 times the crushing pressure as determined 
in these tests. Examining the spherical seat it is found that the 
crushed material has been pushed ahead of the ball, and pressed 
into the voids, thus forming a solid supporting surface. How- 
ever, when crush-dressing, the penetration per revolution of the 
crusher into the wheel is of the order of 0.0001 in., whereas in a 
Brinell hardness test (500 kg load), the total penetration is in 
the neighborhood of 0.030 in., 300 times that incurred in crush- 
dressing. In removing 0.030 in. off the radius of the grinding 
wheel by crush-dressing, the wheel would make 300 revolutions 
and the crushed bond and grit material would be removed between 
each successive pass of the dresser over the same portion of the 
grinding-wheel surface. 

It is not surprising to find that consistent values of the crushing 
pressure are obtained at smaller rates of penetration for the 120- 
and 180-grit wheels than for the 80-grit wheels, since the number 
of grains per unit area has been increased, and the distances 
between grains and size of voids have been correspondingly de- 
creased in going from the larger to the smaller grain sizes. 


Resuuts or Tests as APPLIED TO CrUSH-DRESSING PRACTICE 


A number of grinding-wheel faults were observed during the 
author’s experience with crush-dressing. Wheels are often 
found to be harder and stronger in some parts than in others. 
For example, a wheel may be harder on one side than on the 
other, resulting in an unequal force distribution across the face 
of the crush dresser and an unwanted taper in the crush-dressed 
surface due to deflection. A more general fault is the variation 
in hardness from point to point around the periphery of the 
wheel. All wheels tested seemed to have this fault to some ex- 
tent, although, in general, the finer-grit wheels seem to be of a more 
uniform structure than the coarse wheels. This fault produces 
an out-of-roundness which is objectionable as it will cause chatter 
and poor finish. Thus the general application of the crush- 
dressing process for precision grinding would seem to be limited 
in part by lack of homogeneity in grinding-wheel structure. 
These results may be due in part to the author’s use of resilient 
loading of the crush dresser (in order to permit measurements 
of force and penetration) plus a low wheel speed, which allowed 
the dresser to “follow’”’ the wheel surface. A more rigid dresser 
mounting should minimize the effects resulting from nonuniform- 
ity of wheel structure. 

The structure of a crush-dressed wheel is more open than a 
diamond-trued wheel, with larger voids (and consequently a 
smaller number of grains) in prominence (see Figs. 5and6). This 
can be observed by eye or by making Faxfilm impressions of the 
wheel surface, which can be studied with a microscope. A 
special-technique was employed in making the Faxfilm (plastic) 
impressions illustrated in Figs. 5 and 6. Instead of the usual 
procedure of applying the solvent to the surface which is to be 
studied, and pressing the Faxfilm down with thumb or roller, 


Fic. 5 PHoromicroGrapPH or TyPicaL Faxritm Repuiica or 180-1. 


GRINDING-WHEEL SURFACE WHEN DIAMOND-TRUED; X64 


Fic. 6 PHoTomrcROGRAPH oF TYPICAL Faxritm Reprica oF 180-I 
GRINDING-WHBEEL SURFACE WHEN CrusH:=DrReEssep; X64 


the solvent in this case was placed on the plastic ribbon which 
was held against the wheel surface with a flexible strip. This 
procedure was used so that only the high spots in the wheel 
surface (grains that would normally contact the work when 
grinding) would contribute to the impression. Microscopic 
examination of the Faxfilm impressions also showed that a con- 
siderable number of grains were loosened (without being re- 
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moved) by the crush-dressing process, whereas in diamond-~ : 


dressing very few grains were loosened without bein 


g completely 
removed. 


There is considerable evidence that crush-dressing pro- 


duces sharp edges on the grains whereas diamond-truing produces 
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many flats parallel to the wheel surface. These conclusions can 
be interpreted scientifically if we think of the grains being split 
along cleavage planes, just as in the “cutting” of gems. For 
example, the ruby has the same composition and crystal struc- 
ture as aluminum-oxide abrasive grains, with the exception of 
impurities which determine the color. Aluminum oxide (corun- 
dum) crystals are hexagonal and are described as having almost 
perfect cleavage parallel to the base and faces of the unit rhom- 
bohedron. Thus there are eight directions in which aluminum- 

_ oxide crystals may cleave or split. Therefore, if a thrust is ap- 
plied to the tip of an abrasive grain embedded in a grinding wheel, 

a portion of the grain may be split off along that cleavage plane 
which is subjected to the maximum unit stress. Since the 
thrust is approximately normal to the surface in crush-dressing, 

- the new surfaces produced on the grains will be inclined at a 

_ considerable angle to the wheel surface. 

_ In diamond-truing, the force that the diamond exerts on the 
abrasive grains at impact is approximately tangential; thus the 
new surfaces produced when the grains are cut will be along that 
cleavage plane which is most nearly parallel to the wheel surface, 

_ thereby producing a ‘‘duller’’ wheel. These considerations lead 
us to the conclusion that diamond-truing tends to produce rela- 
- tively dull grains, whereas crush-dressing tends to produce 
_ sharper grains. 
Two advantages of crush-dressing that can be demonstrated 
_ are cooler grinding and less normal force for a given rate of metal 
‘removal.’ Cooler grinding depends on the larger voids, increased 
_ chip clearance, and better application of the coolant; plus the 

elimination of rubbing between work and flank of tool (abrasive 
- grain), which undoubtedly would be present with tangential 
- flats on the tips of the grains. Therefore crush-dressing may be 
; used as a means for eliminating overheating of the work surface 
_ during grinding. Less normal force is understandable because of 
- the sharper grains which, by virtue of their sharpness, require 
— less force to penetrate the workpiece. Therefore crush dressing 
is helpful when grinding a fragile workpiece between centers; 
~ normally in such a case the deflection produced by a dull wheel 

may result in chatter and lack of straightness. Previous tests 
_ made by the author, in which the ratio of tangential to normal 
_ grinding force was studied, revealed that, in general, higher ratios 
of tangential to normal force were obtained (during grinding) 
- with a crush-dressed wheel as compared to a wheel that had been 

trued with a diamond. A high ratio of tangential to normal 

grinding force was found to be indicative of more efficient metal 

_ removal and less heating of the work during grinding. 

Recommendations made in recent articles (1, 2, 3, 4)? 
on crush-dressing, differ in detail, but, in general, agree on many 
recommended practices. Regular-grain grinding wheels are 
preferred to those containing special mixtures. Grinding-wheel 
surface speeds up to 300-350 fpm are recommended for crush- 
dressing. Where the machine is equipped for the use of a cutting 
fluid this is generally used during crush-dressing, whereas: com- 


pressed air is used on machines, such as surface grinders, when no. 


cutting-fluid system is provided. The principal function of the 
fluid is the removal of detached grits, although certain other 

- factors also appear to be involved. Helical gashes, unequally 
spaced, are sometimes machined into the crusher roll tu facilitate 
the removal of detached grits when a deep form is being dressed 
into the wheel. 

Crusher rolls are usually made of hardened high-speed steel, 
although other materials are frequently used. In the author’s 
experience crusher-roll wear was not appreciable when the 
grinding wheel was allowed to drive the roll; however, noticeable 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


wear was encountered (especially in starting) when the crusher 
roll was made to drive the grinding wheel. 


CONCLUSIONS 


In.developing the theory presented in this paper, only the most 
general case of crush-dressing was considered, i.e., external grind- 
ing, vitrified wheels, and crusher rolls with solid surfaces of 
revolution. No special cases, such as the use of star wheels, 
Ross dressers, conical cutters, and the like, were considered. 

Some power readings were taken during this investigation of 
crush-dressing, and after proper elimination of frictional and 
electrical losses, the measurements were in close agreement with 
the theory. These data, however, have not been presented in 
this paper for the sake of brevity. All of the readings were taken 
with a grinding-wheel surface speed of approximately 100 fpm, 
and no attempt was made to investigate the accuracy of the 
theory at higher speeds. 

At present the process of crush-dressing is an art. To do 
satisfactory work the machine operator must be thoroughly 
familiar with the limitations of his machine, and also have an 
insight into the nature of crush-dressing. To the author’s 
knowledge, very little information has been published concerning 
the basic principles of the crush-dressing process. It is hoped 
that this paper will serve to stimulate interest in crush-dressing 
and serve as a basis for further development of the subject. 
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Appendix 
Sacirrat-Arc THEOREM 


In Fig. 7, & is the radius of curvature of the arc AC, BC is the 
A sagitta, and AB is the half-chord. 
Let BC = s, and AB = y; then 
R from the right triangle AOB it fol- 
lows that 


B IO OP a> (lt =) 
y? = 2Rs — s? 


If & is much larger than s, we may 
neglect s? and obtain the sagittal 
theorem 
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Discussion 


E. V. Fuanpvers.’ This paper presents a clear analysis of the 


3 Chief Engineer, Thread Grinder Division, Jones & Lamson 
Machine Company, Springfield, Vt. 
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theory of crush-dressing, and the work done by the author in de- 
veloping formulas for determining the various quantities which 
are of importance in. the art, should be of help in the design of 
crush-dressing equipment. 

Because of the long experience we have had in thread and 
form-grinding, it was natural that we should have made a careful 
study of crush-dressing as applied to our equipment. As a result 
of these studies, we became convinced that the crushing of grind- 
ing wheels was best accomplished by hydraulic rather than by 
manual or more conventional forms of power-feed devices. As a 
result we now have hydraulic crusher devices at work both in 
our own plant and in the field. A simple description of the opera- 
tion of this device is as follows: 


The operator must stop rotation of grinding wheel (manually). 

Pull lever which feeds crusher roll required amount for crushing 
of wheel (manually). This lever also actuates the limit switch 
which starts the hydraulic pump in the truing device. 

Oil is forced under pressure against piston which pushes roll- 
earrying ram forward until it engages wheel. 

Once contact between roll and wheel is positive, wheel auto- 
matically starts rotating at crushing speed of approximately 130 
sfpm, driving the crusher roll. . 

Crusher roll advances into the wheel until stopped positively 
by predetermined adjustment on truing device. This actuates a 
synchronized timer which allows a predetermined “‘crush out”’ of 
wheel to smooth out irregularities. This interval may be any- 
where from 10 to 40 sec, after which the wheel stops automatic- 
ally. 

The crusher roll is withdrawn and the grinding wheel starts ro- 
tating at grinding speed, both automatically. 

Wheel wear is compensated for automatically in this design. 

The author states, ‘the process of crush-dressing is an art.” 
We agree with that statement. We know of no way to tell just 
how a wheel is going to respond to the crushing action if we have 
had no previous experience with it or the form to be crushed. An 
intelligent guess can be made, however, which can then be 
changed to improve the action as observed by the operator, thanks 
to the flexibility of hydraulic control. Once satisfactory condi- 
tions have been established, a record can be made of crusher pres- 
sure, crush-out time, and the like, which will enable the operator 
to repeat crushing performance as long as the same conditions are 
maintained. We believe that the automatic control of crushing 
increases crusher life and the number of pieces*which can be - 
ground per roll. 

We were much interested in checking penetration per revolu- 
tion on our dresser against figures given by the author. In making 
this comparison, it should be borne in mind that examples given 
are not laboratory tests but records of jobs which are or have been 
running in production. We find, for instance, that in some cases 
we show a higher rate of penetration for somewhat similar wheel 


ratings. We have learned also that the shape of the form to be 
TABLE 1 
Diam 
of Crushing — Wheel specifications 
crusher speed, Struc- 
Job roll fpm Grain Grade ture 

40-deg incl, 2 rib lead 

0. 22.44 4 130 150 N I 
40- one incl. 2 rib lead 

2244 4 130 120 J 

40- ee incl. 2 rib lead 

0.2244 4 130 220 M 10 
40-deg incl. 12 rib lead : 

0.0797 4 130 120 K 5 
27 P. pipe 3/4 Tpr. lead 

0.037 3.875 130 320 I 13 
27 PB. pipe 3/4 Tpr. lead : 

0.037 3.875 130 320 K 13 
Seaming roll .3.687 118 220 K 9 
Seaming roll 3.687 220 K 9 
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crushed affects the rate of crushing. Great care, for instance, 
must be exercised where there are Ww ide diameter variations in) 
the crusher-roll form. ; 

Table 1 of this discussion shows that in many cases it is posible 
successfully to form the wheel with feed per revolution which ex- | 
ceeds the 0.0002 or 0.0003 which has been set up as a tentative} 
penetration figure by the paper under discussion. Tests Nos. 1, 2, § 
and 3 show a record of the crushing of 40-deg-included-angle fort Mt 
with three different wheels. The first was a 150-hard fine-grain |} 
wheel. This was crushed at the rate of 0.0005 in. per revolution. jj 
The second time the job was run, a 120-J wheel was used with a) 
No. 7 structure. Here again we had the same rate of penetration, |p 
even though the grit size was somewhat coarser, with the proba- ff 
bility of greater space area for the loosened grains. A third test | 
was made on the same form using a 220 wheel. This wheel though 1 
harder was less dense than the others, so we were still able to i 
crush at the rate of 0.0006 in. per revolution. On the other hand, | 
on some of the fine-pitch forms which were crushed we found it |}} 
necessary to drop the feed back to about 0.0003 in. per revolu- | 
tion in order to obtain the best form with the very fine-grit wheel |) 
which worked best on that particular job. } 

As the author states, it is important that thé loose particles be |} 
washed away as rapidly as they are separated from the main body |f 
of the wheel. Although we have not proved this point, we have > 
the feeling that where oil is used as a cooling agent, there is less | | 
tendency for the particles to become permanently embedded 1 in |p 
the body of the wheel. 

One of the effects of extreme pressure between crusher roll and jf 
wheel is to upset the wheel structure so thoroughly as to loosen or | 
break off portions of the wheel as much as 0.010 to 0.015 in. below 
the contact point of the roll with the wheel. This is most easily 
observed when crushing acme or worm forms where a fairly wide | 
flat root makes the flushing action of the coolant a little more dif- | 
ficult. However, it should be kept clearly in mind that the condi- 
tion mentioned is obtained only when too great crusher pressure I 
has been used. 

We have listed in the few examples given the diameter of the | 
crusher roll and radial thrust on the crusher, with such other items 
of information as seem of interest. 


R.S. Moors. In view of the author’s statement that all of his _ 
work was done with a so-called “water-soluble oil,” it is suggested | 
that he investigate the use of other fundamentally different media 
in order to establish more completely the limits of performance in 
crush-dressing. For example, the use of a homogengous medium 
such as a solution of suitable additives in a light-petroleum-oil 
base or a solution in water of suitable wetting agents, detergents, — 
film strength additives, and rust preventives, often shows an im- i 
provement in crushing over the use of an heterogeneous medium 
such as a water emulsion of an oil, fat, or wax, etc. This homo- 


4 Quaker Chemical Products Corporation, Detroit, Mich. 


‘ Crush 
rete out, Radial 
: ime or Feed 
: Crushing for recrush Depth e em 
Width pressure, crushing, cycle,” erush, rev crusher. | 
in. persqin. min-sec sec in. in. Mabisa | 
240 60 7-0 30 .090 .00051 376.8 
240 60 7-0 20 .090 00051 376.8 
240 %5 5-30 : 25 . 087 . 00063 471.0 
2.000 150 10-0 25 -100 0004 942.0 | 
-964 100 4-0 20 .030 . 0003 628.0 | 
.964 120 4-40 20 033 
964 2 05 . 0002 
3125 50 4-35 20 -070 “0008 Sta" 
25 50 4-10 20 -070 :00067 314.0 
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geneity of the medium plays an important part in reducing the 


loading of the wheel and, possibly, by this means, crushing pres- 
sures. 


H. W. Wacner.® The writer is in general agreement with the 
statements made in this paper, after comparison of those state- 
ments with findings in the laboratory of his company. The au- 
thor has been wise in employing the device of geometrical analy- 
sis to correlate theory with experiment, which leads to substantial 
guidance for practice. 4 

Discussion involves the temptation of offering amplifications, 
and an excursion into crush-dress-grinding which is not included 
in the subject. A few thoughts are offered in brief form. 

One of the author’s reasons for the success of grinding after the 
wheel face is crush-dressed should be emphasized. That reason is 
sharpness. Crush-dressing shatters the face, leaving it armed 
with sharp jagged abrasive points, which penetrate and grind the 
work with generation of less heat and with less pressure built up 
between wheel and work than exist when the wheel is diamond- 
trued as in average practice. The lower pressure permits the 
wheel face to hold its accurate form for a longer duration of grind- 
ing. 

Another important reason for success in grinding is that a 
grinding oil is generally used. The abrasive points remain sharp 
much longer with oil than with a mixture of water and compound. 

In a laboratory comparison an experimental form, 2 in. wide 
and of a maximum depth of !/s in., was ground cylindrically in 
2-in-diameter hard steel with a crush-dressed wheel face. With 


grinding oil, 10 cuts per dressing were made without serious loss of | 


form. With a 1:50 mixture of soluble oil and water, the form was 
lost after 3 cuts per dressing. The power required to drive the 
wheel was much higher, and the Profilometer reading was much 
higher under the second condition. The wheel and time per 
cut were the same for both grinding fluids. 

Ratio of “tangentia] to normal grinding force’’ is mentioned in 
the paper. It is believed this ratio is what is called ‘coefficient 
of grinding friction.” A high ratio (or coefficient) is desirable 


5 Research Engineer, Research Laboratories, Mechanical Section, 
Norton Company, Worcester, Mass. 
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(provided a very fine finish is not required) when it is due to sharp- 
ness, as from crush-dressing, and as pointed out by the author. 
However, a high coefficient may also be caused by a loaded wheel 
face, in which case it is not desirable.and results in more heat gene- 
rated per unit of stock removal. The safe criterion is to main- 
tain sharpness of wheel face. 

The paper mentions a method of producing voids in the grind- 
ing-wheel structure, which method is employed for a compara- 
tively new type of wheel called ‘‘open structure.’”’ In the long- 
established type of vitrified structure, the voids are natural. A 
volume of sand, even under heavy compression, contains a ma- 
terial percentage of voids. Abrasive, being less rounded, contains 
a still higher percentage of natural voids. 


AUTHOR’S CLOSURE 


The author appreciates the very informative discussion pre- 
sented by Mr. Flanders and finds the remarks in good agreement 
with the author’s findings. The data presented by Mr. Flanders 
show higher values for the penetration per revolution in some 
cases than those investigated by the author. Crushing pressures 
computed from these data give values less than the upward trend 
of the curves given in the paper for a 120 and a 180 grit wheel 
would indicate. It appears that the wheels tested by Mr. Flanders 
were of a more open structure than those covered in the paper. 
Recent data taken by the author indicate that the more open ~ 
the structure the smaller the crushing pressure becomes—all 
other factors remaining the same. In view of the ideas presented 
in the paper it seems reasonable to expect that a more open 
structure would minimize the tendency for the crushing pressure 
to increase for higher values of the penetration per revolution. 

Mr. Moore suggests the use of a light petroleum oil or a solu- 
tion in water of suitable wetting agents, detergents, film strength 
additives, and rust preventatives. The author feels that a test 
comparing the crushing process under the action of various 
coolants such as air, oil, and various types of soluble coolants 
would be timely, and give much valuable information. 

The author agrees with the points contained in the discussion 
of Mr. Wagner and appreciates the clarification of points and 
additional information contaned therein. 


An Evaluation of Cylindrical-Grinding 
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. «© Performance 


By R. E. McKEE,! R. S. MOORE,? ann O. W. BOSTON? 


This paper, the third in a series on cylindrical grinding,‘ 
presents some of the results of an investigation of the 
grinding process with particular reference to the influence 
of certain variables, such as, wheel grain, grade, and ve- 


locity, table-traverse feed, depth of cut, and type of ma-_ 


terial. 


TrEsTING ConpITIons 


HE machine used in this investigation was a standard 
Cincinnati No. 2 cylindrical grinder powered with direct- 
current motors driving the wheel spindle, work spindle, and, 
table-traverse mechanism. Each of the direct-current motors 
was controlled with a field-type rheostat, so that conditions of 
machine operation for each test might be kept constant. Details 
of the machine operating conditions and motor controls were 
given in the first paper of the series.® 
The results given in this paper were obtained when grinding the 
following materials. 


SAE 1020 steel (hot-rolled), 131 Bhn. 
SAE 1045 steel (heat-treated), 260 Bhn. 
SAE 52100 steel (heat-treated), 653 Bhn. 
Cast iron, 187 Bhn, 20,000 psi. 

Cast iron, 229 Bhn, 40,000 psi. 


In determining the influence of any variable of the grinding 
process, all other operating conditions were kept constant for each 
of several values of the variable. The conditions of testing were 
described in the first paper,® and are listed on each figure. The 
type, volume, and temperature of the grinding compound were 
kept constant in all tests. It was a clear water-soluble synthetic 
grinding compound of the emulsion type containing no mineral oil 
or.fat. It was mixed with water at a 5 per cent by volume con- 
centration. It is one of the best compounds used in former evalua- 
tion tests. 

All of the wheels used in this investigation were produced in the 
laboratory of the Carborundum Company, Niagara Falls, N. Y. 


DEFINITION OF TERMS 


The terms used in this paper were defined in the first two 
papers*;> with the exception of the following. 


1 Assistant Professor of Metal Processing, University of Michigan, 
Ann Arbor, Mich. , : 

2 Manager, Detroit Branch, Quaker Chemical Products Corpora- 
tion, Conshohocken, Pa. ; 

3 Professor of Metal Processing and Chairman of the Department 
of Metal Processing, University of Michigan, Ann Arbor, Mich. 
Fellow ASME. ' F< Bs ns 

4 “Bxperimental Study of Cylindrical Grinding,’’ by R. E. McKee, 
R. S. Moore, and O. W. Boston, Trans. ASME, vol. 69, 1947, pn. 
891-896. 

5 “An Investigation of the Removal of Metal by the Process of 
Grinding,” by R. E. McKee, R. S. Moore, and O. W. Boston, Trans. 
ASME, vol. 69, 1947, pp. 125-129. 

Contributed by the Special Research Committee on Metal Cutting 
Data and Bibliography and presented at the Semi-Annual Meeting, 
Milwaukee, Wis., May 30-June 5, 1948, of Tae AMERICAN SocintTy 
or MECHANICAL ENGINEERS. ; 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—SA-9. 


“Grinding rating,’’ by which is meant the quotient of the vol- 
ume of metal removed per unit of wheel wear, all in cubic inches, 
divided by the product of the unit net horsepower (hpa per cu 
in. per min), and the surface finish (microinches, rms). This 
quantity serves to summarize the performance of given condi- 
tions of grinding in terms of volume ratio, unit horsepower; and 
surface finish; thus 


Vee 
i (hp,,/cu in. per min) X (surface finish) 


Grinding rating 


pe aa a 
PS hpec et 


Production in industry demands a high value of metal removal in 
a given unit of time, the best surface finish, a low rms value, con- 
sistent with a given practice, and a low unit net horsepower. 
Hence this rating value should be high and should aid in the 
evaluation of the grinding process by the analysis of a given 
grinding performance. 


SPECIFICATIONS OF MATERIALS 


The specifications and heat-treatment of the SAE 52100 steel 
specimens were given in the first paper. : 

SAE 1020 Steel. This material was obtained in .2-in-diam 
round bars in a hot-rolled condition and machined to our stand- 
ard size and shape specifications. The analysis indicates a car- 
bon range of 0.18-0.23 per cent, manganese 0.30-0.60 per cent, 
maximum phosphorus 0.040 per cent, and maximum sulphur 
0.050 per cent. It is highly ductile and generally used ‘in low- 
stressed parts. 

SAE 1045 Steel. This material represents a medium-carbon 
class of steel, used extensively for highly stressed working parts 
of machinery, such as spindles, piston rods, gear blanks, crank- 
shafts, etc. It has a carbon range of 0.43-0.50 per cent, 
manganese 0.60-0.90 per cent, maximum phosphorus 0.040 per 
cent, and maximum sulphur 0.050 per cent. This material, also 
purchased in 2-in-diam round hot-rolled bars, was machined to 
proper specifications,® and heat-treated by quenching in water 
from 1500 F, and tempering at 950 F, to a hardness of 260 Bhn. 

20,000-Psi Cast Iron. This material represents a commonly 
used, relatively soft grade of gray iron which has free-machining 
characteristics and general damping capacity. It might be used 
in such parts as machine-tool bases, etc. The analysis 
of this material gives 3.50 per cent total carbon, 2.50 per cent 
silicon, 0.70 per cent manganese, 0.010 per cent sulphur, and 
0.30 per cent phosphorus. The structure of this material consists 
of a coarse graphite with a matrix of pearlite and ferrite. 

40,000-Psi Cast Iron. This high-nickel cast iron is a type of 
material used commonly in cylinder blocks, machine housings, 
Diesel crankshafts, refrigerator crankshafts, etc. The analy- 
sis gives 3.25 per cent total carbon, 2.25 per cent silicon, 
0.70 per cent manganese, 0.08 per cent sulphur, 0.18 per cent 
phosphorus, 1.50 per cent nickel, and 0.50 per cent chromium. 
The structure of this material is a fine graphite with a pearlite 
matrix. 
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Errect or WHEEL VELOCITY ON GRINDING PERFORMANCE 


Fig. 1 indicates the effect of change in wheel velocity on the 
evaluative criteria volume ratio, net horsepower, grinding char- 
acteristic, and unit horsepower (hpn per cu in. per min). Three 
velocities for each of several grades of wheels are used as abscissas. 

The wheels used in these tests were type A-abrasive, No. 6- 
structure, and. vitrified bonded. The grain-size and grade speci- 
fications of each wheel are indicated on each curve. 

At 4500 and 5500 surface ft per min (sfpm), the volume ratios 

metal removal per unit of wheel wear) follows a similar pattern. 
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In each case the 150-P and 150-Q wheels seem to be more effi- || 
cient than the 150-O wheel. At 6500 sfpm, the volume ratios of | 
the 150-M, P, and Q wheels remain the same as at the lower 
speeds, but the 150-O wheel shows much better performance with 


a volume ratio of 70. ’ Net-horsepower requirements show little) 
variation with a change in peripheral: velocity, but there is an | 


indication of an increase in power with an increase in grade of 
hardness. This indicates that the actual tangential grinding force 
is reduced as the grinding speed is increased. 

In terms of grinding characteristic (volume ratio divided by net — 
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power) the 150-O, P, and Q wheels seem to function as well at 
4500 sfpm asthey doat 6500. The 150-O wheel shows an outstand- 
ing performance of 6500 sfpm due to the high volume ratio and 
low power shown in the lower half of the figure. The net horse- 
power per cubic inch per minute remains practically constant 
at 13forallconditions. | 

In Fig. 2 the value of surface finish in microinches, rms, is 
plotted as ordinate over the wheel grade and velocity. These 
readings were made longitudinally on the periphery of the work 
specimens. There is a definite indication of an improvement in 
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surface finish (lower rms value) as a result of an increase in wheel 
velocity and a change in grade from O to Q at each velocity. The 
poorest finish is 36 for the 150-O wheel at 4500 sfpm, and best at 
26 for the 150-Q wheel at 6500 sfpm. 

Fig. 3 provides a summary of the data given in the preceding 
figures. The units used as ordinates range from 0.083 (poorest 
performance) to 0.194 (highest performance). This rating pro- 
vides an index to high volume ratio, low unit horsepower, and best 
surface finish. 

The peripheral velocity of 6500 sfpm, is better for all grades of 
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wheels shown than the lower velocities. *Thus for the conditions 
of grinding shown in this figure, the 150-O wheel operating at 6500 
sfpm gives the outstanding performance with the rating of 0.194. 


Errects oF VARIANCE IN GRAIN SIZE AND GRADE OF GRINDING 
WHEELS AS APPLIED TO FivE DirrFERENT MATERIALS 


The effect of variance in grain size and grade of grinding wheels 
on the grinding characteristic (Vz/hp,) as applied to the grinding 
of five materials is shown in Fig. 4. The data points on the 
figure are connected by lines to show relative performances 
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and trends rather than to show the development of curves. 

At the table feed and depth of cut shown in the heading, the 46- 
grain wheels are poor in all cases, the 60-grain wheels give fair 
performance (except when grinding the 20,000-psi cast iron), the 
80-grain wheels are relatively high for all materials, and the 150- 
grain wheels show good performance on the hard materials, but 
relatively poor performance on the soft ductile steel (SAE 1020). 

In Fig. 5 there is an indication that unit horsepower (hp,/cu 
in. per min) may be reduced by a decrease in the grain size of the 
grinding wheel. This applies to the set of conditions shown in 
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_the heading and would not be representative of more severe 
_ conditions of testing with higher table feed or greater depth of 
cut. 

Except for the 20,000-psi cast iron, the unit-horsepower pat- 
terns are quite similar for all metals as the wheels are varied. 
The values increase slightly as the grade becomes harder, but it 
decreases as the grain size is reduced. 

Fig. 6 represents the final “rating” for eight wheels used on 
five materials with a given table feed and depth of cut. The 
highest rating indicates the best performance in terms of high 
volume ratio, low unit horsepower, and low value of surface 

finish. 

Fot good general grinding conditions, it seems desirable to 
maintain a volume ratio of at least 50.0 (50 times as much metal 

_ removal as wheel wear), a unit horsepower factor of not more than 

_ 13.0, and a surface,finish of not more than 25 microinches, rms, 

~ with no sparkout. For these desirable conditions a “rating”’ of 
0.154 is obtained. In Fig. 6 about 50 per cent of the ratings are 
above this 0.15 level. Those below seem to be unsatisfactory. 


_ Errecr or VARIATION IN TABLE FEED AND/oR Depru or Cut 


In Figs. 7 to 12, inclusive, various combinations of table feed 

‘and depth of cut are used as abscissas when grinding the two steels 

and two cast irons with the A80-M6-V10 wheel. This is done, 

' primarily, to show the effect of change in either one or both of 

the factors used as ordinates and to compare the performances 

for these various combinations. Assuming the depth of cut of 

0.001 in. as unity, the data are plotted for 1,3, 6, and 10X. 

Again, assuming the table feed 0.081 in. per revolution (ipr) to 
~ be unity, the data are plotted 1 and 2X. 

In Fig. 7 the SAE 1020 and 1045 steels show similar patterns 

- in the decrease in volume ratio with a 2X table feed and/or a 3X 

depth of cut. The volume ratio falls off sharply as the size of 

- cut is increased and approaches 0 for the heaviest cut of 2X feed 

~ and 3X depth. 

The performance of the 80-M grinding wheel on the 20,000-psi 

~ cast iron shows a decrease in volume ratio with a 2X table feed, 

but a sharp increase with a 3X depth of cut. This material also 
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shows excellent performance at 2X table feed and 3X depth of 
cut. 


The 40,000-psi cast iron shows an improvement in performance 
with the 2X table feed and the 3X depth of cut. 
Fig. 8 indicates the sharp increase in net horsepower consump- 


‘tion with an increase of feed, depth, or both. The SAE 1020 and 


1045 steels could not be tested satisfactorily beyond 3X depth of 
cut and 2X table feed as the heavy cuts overloaded the motor. 
The heavier cuts are more efficient, however, than the light cuts. 

The power requirements for the 20,000- and 40,000-psi cast 
irons level off at the 3X depth of cut and 2X table feed, due to 
the rapid breakdown of the grinding wheel, with the resultant 
loss in performance because of lowered speeds at overloaded 
power. 

Fig. 9 is similar to Fig. 7 in the general pattern. It may be 
noted, in comparing the two figures, that the results on the 
40,000-psi cast iron show the severity of increase in power con- 
sumption at the 2X table feed with a resultant decrease in grind- 
ing characteristic, since net horsepower is placed in the denomina- 
tor of this quantity. F 

The unit-horsepower factor is reduced sharply as a result of 
variation in table feed and/or depth of cut, as shown in Fig. 10. 
This results from an increase in the volume of metal removed per 
minute without a proportional increase in the net-horsepower ° 
requirement. An increase in table feed or depth of cut, will pro- 
portionally increase the volume of metal removal per minute 
and thus increase the mechanical efficiency of the operation, pro- 
vided that other conditions such as surface finish have not been 
affected. 

A range of 16.5 for the light cuts to 4.0 hp per cu in per min for 
the heaviest cut is shown in this figure. 

Fig. 11 shows the effect of varying the table feed and/or depth 
of cut on surface finish in microinches, rms. These surface- 
finish readings represent actual cut conditions with no allowance 
forsparkout. Readings of 100 microinches and above wouldnotbe 
satisfactory for cylindrical grinding and thus certain condi- 
tions and materials (such as the SAE 1020 steel) are completely 
eliminated when used with the A80-M6-V10 wheel. Surface 
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EFFECT OF VARIATION IN TABLE FEED 
AND/OR DEPTH OF CUT ON GRINDING 
“RATING” 
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GRINDING RATING 
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finishes of 20 microinches may be considered excellent for this 
type of grinding with no allowance for sparkout. 

Fig. 12 gives the final ratings of the four materials ground 
with the A80-M6-V10 wheel under each of several conditions of 
table feed and depth of cut. 

A rating of less than 0.15 might be considered poor for steel, 
and those above this rating generally acceptable. The SAE 1020 
and 1045 steels are eliminated on the basis of poor performance, 
with the exception of the latter steel at 0.001 depth of cut and 
0.081 ipr table feed. 

A higher minimum rating of 0.20 for cast iron might be accept- 
able, as most of the points for cast iron are above 0.20 on this 
figure. The 20,000 and 40,000-psi cast irons give excellent per- 
formance with the 80-M wheelat a 3X depth of cut and a 2X 
table feed. 

The greater depths of cut, i.e., 6X and 10X, are eliminated for 
all materials ground with the 80-M wheel. . 


SUMMARY 


1 A change in the peripheral velocity of a grinding wheel will 
affect its relative performance in terms of (1) volume ratio (metal 
removal per unit wheel wear), (2) unit net horsepower, and (3) 
surface finish. The data submitted in this paper support the use 
of 6500 sfpm as the proper peripheral velocity for a grinding wheel 
used in external cylindrical grinding. 

2 With a set of conditions of 0.001 in. depth of cut and 
0.081 ipr table feed, the unit net-horsepower requirement 
may be reduced appreciably by a decrease in grain size, but 
slightly increased with the use of harder grades for a given grain 
size. 

3 A grinding rating of at least 0.154 might indicate favora- 
ble conditions, such as, a volume ratio of 50.0, a unit net horse- 
power of 13.0, and a surface finish of 25 microinches. 

4 An increase in table feed and/or depth of cut will reduce the 

-volume ratio, increase, the net power requirement, and give a 
poorer surface finish as applied to the grinding of steel. 

5 An increase in table feed and/or depth of cut may increase 
the volume ratio, decrease the unit net power requirement, and 


AS SPECIFIED 
320 RPM 


WATER-SOLUBLE So 


give a poorer surface finish in the grinding of the cast irons. 

6 Cast iron may be ground satisfactorily with aluminous- 
oxide grinding wheels, and a volume ratio up to 192 times as 
much metal removal as wheel wear has been recorded in this 
operation. 
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Discussion / 


J. S. Kozacxa.* This paper, together with other papers pre- 
sented by the authors on this subject, isa step forward in taking 
the art of removal of metal by grinding into the field of science. 
Test results obtained so far are of value to the users of grinding 
wheels as well as to the manufacturers who are striving to develop 
better products. 

Of general value are the terms volume ratio, horsepower, char- 
acteristic, horsepower per cubic inch per minute, and percent- 
age increase in horsepower, as they give methods of evaluat- 
ing the qualities of the grinding wheels, in general, and the self- 
dressing qualities in particular. 

The wheels used in the tests, were of uniform grit size, and uni- 
formity in performance may be expected from such wheels. On 
the other hand, had the tests been run long enough, over the entire 
life of the grinding wheels, the results presented by the investiga- 
tors might have been somewhat different, for as the wheel wears, 
even at constant speed, other conditions remaining the same, the 
wear may become a function of the size of the wheel. 

It would bé of general interest if a standardized procedure of 
testing grinding wheels for hardness was developed in connection 
with the performance tests. This hardness-testing procedure 


6 Associate Professor of Mechanical Engineering and Director of 
Shop Laboratory, University of Illinois, Chicago Branch, Chicago, 
Ill. Mem. ASME. 
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should be applicable to wheels of different density structure and to 
the wheels possessing porous structure. Uniformity of wheel 
hardness over its entire surface might be indicative of its ability 
to perform consistently. Standardized marking of grinding 
wheels is a great help in their selection. However, the hardness 

of grinding wheels so designated varies quite widely, so much so, 
_ that a grinding wheel marked A 150 J 6V10 by one maker, may be 
harder than a grinding wheel made and marked the same way by 
another maker. ’; 

Tn surface-grinding tests of grinding wheels on tungsten-carbide 
cutting tools conducted under the writer’s direction at Vascoloy- 
Ramet Corporation, for the purpose of determining the best sili- 
con-carbide grinding wheels for the job, it has been found that 
the self-dressing qualities of the wheels vary from wheel to wheel, 
and even within the wheel itself when it is run at a constant 
peripheral speed, other conditions remaining the same. One 
hundred commercial-type silicon-carbide wheels of different make, 
hardness, density, porosity, and grit sizes 80, 100, and 120 were 
tested under actual shop operating conditions over the entire 
life of the wheels.. Results obtained indicated lower tempera- 
ture for the finer-grit-size wheels, resulting in less loss of 
carbide tools because of cracks, and more cubic inches of carbide 
removed per wheel life, that is, higher: volume ratio. All wheels 
were soft enough to possess the self-dressing feature so necessary 
in the economical production of tungsten-carbide tools. In 
these tests it was found that some grinding wheels, identified 
with the same marking, used by the same operator, on the same 
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machine, and all conditions of grinding remaining constant, gave a 
volume ratio which varied up to 100 per cent. 

Of interest too would be the data on grinding-wheel perform- 
ance running at cutting speeds 3000, 4000, 5000, and 6000 fpm. 


AutTHoRS’ CLOSURE 


We appreciate Professor Kozacka’s discussion of this paper 
and agree wholeheartedly with his comments regarding the avail- 
ability of wheels of a specific grade of hardness which are uni- 
form throughout. This has been the desire of industry for years 
to obtain exact duplications of wheels uniform throughout and 
meeting the same specifications of wheels formerly used. 

We, too, found that as the wheels wear, their hardness or grade 
varies along the radius but perhaps of greater significance is the 
variation found along the face of the wheel, or on opposite 
diameters. This caused differences in grinding between the two 
sides of the wheel, as the work traversed from right to left and 
from left to right. In our work to overcome the variation in 
grade along the radius, we first found it necessary to dress off some 
of the periphery, after which the wheel wear was kept small. 
That is, in any single series of tests, we wore the wheel from ap- 
proximately 131/, inches to not less than 12 inches in diameter. 

The authors have developed and used a test of their own for 
selecting wheels for each series of tests to eliminate the variations 
in wheels. This, we believe, is in accordance with the suggestion 
of Professor Kozacka. The variation in wheels, however, is the _ 
greatest uncontrolled variable in the grinding process. 
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Heat Transfer Through Thick Insulation 


on Cylindrical Enclosures 


By T. S. NICKERSON! ann G. M. DUSINBERRE? 


A graph is presented for finding the heat transfer 
through relatively thick insulation applied to an enclosure 
having the form of a short cylinder such as a tank. In- 
correct treatment of the corner effect in this case may lead 
to seriouserror. The “relaxation”? method of calculation 
was used. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


L = length of uninsulated cylinder 

D = diameter of uninsulated cylinder 
x = thickness of insulation 

A; = inner area of insulation 

A, = outer area of insulation 

A,, = effective area for heat transfer 

t = temperature difference 

k = thermal conductivity 

q = heat transfer per unit time 

f = area ratio 


° 


Any consistent units may be used. 


Mersop or EstimatTine 


It is often required to estimate the heat transfer through insula- 
tion applied to an enclosure of specified shape. The following 
assumptions are frequently justified: 


(a) The insulation is homogeneous and the variation of its 
conductivity with temperature is negligible. 

(b) The insulation is applied in slahs or shapes so as to have a 
constant thickness. : 

(c) The inner surface of the insulation is isothermal at a given 
temperature, and the outer surface is isothermal at another 
given temperature. 


Under these conditions it is convenient to take the thickness of 
the insulation as an effective length of path for heat flow, and to 
find an effective area of path such that the heat transfer can be 
calculated by the usual equation for a flat slab 


In general, A,, will have some mean value between the inside and 
outside areas, A; and A,; A; will generally be fixed, while A, will 


depend upon the selected thickness of insulation. It will be con-. 


venient to set up an area ratio 


1 Engineer, E. I. du Pont de Nemours and Company, Belle, W. Va. 
Jun. ASME. : ; 

2 Department of Mechanical Engineering, University of Delaware, 
Newark, Del. Mem. ASME. atk 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, Atlantic City, N.J., December 1-5, 1947, of Tux 
AmeERICAN Society oF MucHaNnicaL ENGINEERS. © f 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 47—A-63. 


so that 


and f will depend only upon the geometry of the system. 

For enclosures of any shape, provided z is small in comparison 
with any other dimension of the system, it is most convenient and 
quite satisfactory to take the effective area as the arithmetic mean 
of the inner and outer areas, or 


This is because the special effect of curvature and of corners will 
become negligible. This calculation may. properly be used for 
walls of buildings, large furnaces or ovens, and the like. There 
may even be no great error in assuming f = 1. 

When the enclosure is a long cylinder, such as a pipe, with 
axial heat flow negligible, it is readily shown that the effective. 
area is the logarithmic mean of the inner and outer areas, and 


5 een ara at 

A; iIn (A,/A,) ; 

For a spherical enclosure the geometric mean is appropriate. In 
these cases if the insulation is thick the use of the arithmetic 
mean would cause appreciable error. 

When the enclosure is rectangular the analytical solution is 
extremely difficult and, to the authors’ knowledge, has not been 
accomplished. However, for this case we have the studies and 
experiments of Langmuir? and others, expressed in the form of 
equations, and found most readily in the text by McAdams.? 

A common form of enclosure in engineering practice is the tank, 
which may be approximated as a short cylinder with flat ends. 
The analytical solution of this case is also not known to have been 
obtained. However, a numerical solution is possible, has been 
undertaken, and the results are presented in Fig. 1.5 

The shape of any right circular cylinder can be expressed as the 
ratio of diameter to length, D/L. The shape of the insulation 
can be expressed in terms of this ratio and the ratio of insula- 
tion thickness to cylinder diameter, z/D. Fig. 1 gives the area 
ratio f in terms of these parameters for a range of values com- 
monly encountered. The method of determining these curves 
is outlined in the Appendix. 

As the work reported here is purely mathematical, the question 
of accuracy pertains to the relation between the initial assump- 
tions and the final conclusions. Just as the accuracy of a series 
solution depends upon the number of terms calculated, so the 
accuracy of a numerical solution depends upon the scale of sub- 
division used. In simpler cases where a comparison is possible 


3 “Blow of Heat Through Furnace Walls; the Shape Factor,” by 
Irving Langmuir, E. Q. Adams, and G. S. Meikle, Trans. American 
Electrochemical Society, vol. 24, 1913, p. 53. 

4‘‘Heat Transmission,’ by W. H. McAdams, second edition, 
McGraw-Hill Book Company, Inc., New York, N.Y., 1942, p. 13. 

5 The details of this work constitute a thesis submitted by T. S. 
Nickerson in partial fulfillment of the requirements for the degree of 
master of science at Virginia Polytechnic Institute. 
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AREA RATIO 


Fig. 2 


the authors find that a numerical solution on the present scale 
will agree with the analytical solution within 3 per cent, and that 
may be taken as an estimate of the accuracy of the present work. 


EXAMPLE 
A tank 2 ft in diameter and 4 ft long is insulated with 1 ft of 
cork having a conductivity of 0.025 Btu/(hr)(sq ft)(deg F/ft). 
The temperature of the inner surface of the insulation will be 
—30 F and of the outer surface, 70 F. Estimate the heat flow. 


Solution: 

At = 70 — (—30) = 100 F 
D/In= 2/4 = 0.5 
anD) = 77 = OSS 
From Fig. 1 

f = 1.65 : 


A, = 2X 7X2 +0X2X 4 = 31.4sq ft 
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30 63 101 146 200 a0 

0 30 63 101 146 200 Dio 

0 29 62 100 145 200 Oo 

0 28 60 97 Lo on au 

92 3.0 
0 33 20 83 128 200 200 200 200 200 200 
0 19 41 67 98 132 146 152 155 156 156 
0 14 31 50 70 89 101 108 112) 1145594 
0 10 21 33 45 56 64 70 73 74 74 
0 10 16 22 27 31 34 36 37 37 
0 0 0 0 0 0 0 0 0 0 0 


TABLE 2 AREA RATIOS CALCULATED BY RELAXATION 


z/D D/L F ‘z/D D/L f 2/D D/L f 2/D lies edt 
1.43 Woy il, Os BLE ZY. 182 he i ; 

ye poe 1.46 ‘ 5/3 1.90 4/5 2.08 12259 

8/3 1.49° 5/2 2.00 4/3 2.26 Seo 

Ae n5S 5 2.13 4 2.68 ee 


By Equation [3] 


q = 1.65 X 31.4 X 
= X 100 = 129.6 Btu 
per hr 


The use of Equation [4] 
for this system, would give 
f = 2.10, an error over 27 
per cent. Equation [5] 
would give f = 1.89, an 
error over 14 per cent. If 
conduction had been as- 
sumed negligible in the 
corners between flat and 
cylindrical surfaces, then f = 1.36, an error over 17 per cent. 


Appendix 


The method of calculation is that outlined by Emmons. By 
considerations of symmetry the problem is reduced to the two- 
dimensional treatment of‘an L-shaped portion of the cylinder and 
its base. A uniform rectangular spacing of reference points was 
chosen and the conductance between points was made propor- 
tional to the radius. 

A typical system (for D/L = 1 and x/D = 0.5) is shown in 
Fig. 2. A point such as x has the “relaxation pattern’? shown 
in Fig. 3. The calculated temperature distribution for this system 
is shownin Table 1. Temperatures were assumed 0 deg F at the 
outer surface and 200 F at the inner surface. Calculations were 
carried out to the nearest unit, and were continued until the re- 
siduals were small and evenly distributed, and the heat transfer 
at the outer and inner surfaces agreed within 4 per cent or better. 
The average of these was used to calculate f. Values found by 
relaxation of such systems are shown in Table 2. 

As L becomes very large, the system degenerates to that of the 
infinite cylinder, and values can be calculated by Equation [5] 
for D/L = 0. These values were also used to interpolate beyond 
the point where temperatures at the mid-plane were found to 
differ negligibly from those in the infinite cylinder. 

Points obtained in all these ways were plotted and the curves 
of Fig 1 were drawn through them. 


5“The Numerical Solution of Heat-Conduction Problems,”’ by 
H. W. Emmons, Trans. ASME, vol. 65, 1948, p. 607. 

7 The term “‘relaxation pattern’”’ is used here in the same sense as by 
Emmons? and should not be confused with temperature distribution 
as shown in Table 1. 
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Discussion 


H. G. Exrop, Jr.8 By means of fifteen calculations with the 
numerical method, the authors have provided solutions for a 
triply infinite class of heat-conduction problems. Their success 
points the way to further applications of the same method and 
warrants the following consideration of the conditions under 
_ which the method will be useful: 

The authors’ method (numerical solution plus two-dimensional 
graph) is applicable to a series of solids describable by two shape 
parameters, composed of a single isotropic substance, ‘and 
bounded by (A) surfaces at constant source temperature 7’,, (b) 
surfaces at constant sink temperature 7, and (C) surfaces across 
which no heat transfer occurs (07'/dn = 0). The conductivity of 
the solid material may be any physically possible function of tem- 
perature. The heat transfer is found by computing the flow 
appropriate to an assumed constant conductivity K, and multi- 
plying by the factor ° 

kdT 


1 js 
k, Jtm T;—T» 


Although well known to mathematicians, the following proof of 
the foregoing statements does not appear in standard heat- 
transfer texts: 

The exact differential equation for steady-state heat transfer in 
isotropic solids is 


Since 
K >0, L= f* KaT 


has a one-to-one correspondence with temperature. Hence 


Equation [6] becomes 


FE= 0 = G,—i.)v: (P=) a (B= La | 


L,—L 
The function y has the value unity on surfaces (A), the value 
zero on surfaces (B), and its normal derivative vanishes on sur- 
faces (C). Hence y is unique. 
The heat transfer across surfaces (A is given by 


Bere P-bit, freee) 


(Pia ra erences 
For constant conductivity 
,—L 
so that 
= K, Lf frveas hen —— 1) ancien [9] 
Sy } 
But 
T—T 
Veo= RoW, Se 


by the preceding uniqueness requirement. 
Hence 


- Te 
KdT 
Q | (sent E: Jail Te elem 110) 
Q = On Q. = ea T. ays te Ke (Pie Q. [ 
8 Student. Harvard University, Cambridge, Mass. Jun. ASME. 


“Columbia University, New York, N. Y. 


Now if D is some characteristic length of a series of solids of the 
same shape, then we may define 


at pe To) = tie a Rekee [12] 


Thus a single point on a chart such as the authors’ Fig. 1 can 
provide the solution for all solids of a given shape and of widely 
different conductivity properties. Since the chart has two de- 
grees of freedom, results for two shape parameters can conven- 
iently be represented. 


C. M. Fowirr.’ The authors of this paper have brought for- 
ward a point in favor of numerical solutions to heat-flow prob- 
lems that is frequently overlooked. 

Most people working in this field concede the utility of numeri- 
cal methods for working specific problems, but are apt to criticize 
the method for its lack of parameterization when compared to 
analytic solutions when they can be found. 

The authors, however, have furnished a very convincing coun- ° 
ter-example to this criticism by obtaining a relatively small 
number of solutions to the finite, insulated, enclosed cylinder, and 
parameterizing their data to treat the general case for this 
cylinder. 

The writer’s only question concerns the accuracy of their tabu- 
lated data. Although the function f, approaches the correct limit 
as D/L — 0, the writer would like to know if the authors checked 
some of their data using finer space increments than those shown 
in Fig. 2, for larger values of f. ‘ 

To the writer’s knowledge, the only exact solution by perfect 
relaxation,is that for the one-dimensional slab. For example, the 
cylinder with negligible end effects when the relaxation has been 
carried to the limit, has the solution 


T.—T; T (a) — Tob) 
Se ee Le 
ei oy (NO) 
with 
k=n 
A i 
= as 
k=0 


Here, 7, and 7, are the temperatures on the inner and outer 
walls. 

On the other hand the analytical solution has the y(r) function 
replaced by the logarithm of the same arguments in the foregoing 
equation. 

If the number of subdivisions is very small, the two solutions 
may be considerably different, although it is possible that the 
numerical solution may give engineering accuracy, in spite of 
this. 


Victor Pascuxis.2 The problem dealt with by the authors is 
one of considerable interest and importance, and the development 
of charts for the solution of the problem is desirable. Therefore 
the authors have earned the thanks of people having to solve such 
problems continuously. 

However, the value of the chart, Fig. 1, is greatly reduced by 
the assumption (C), of an isothermal surface of the insulation. In 


9 Physics Department, University of Michigan, Ann Arbor, Mich. 
10 Technical Division, Heat and Mass Flow Analyzer Laboratory, 
Mem. ASME. 
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most practical cases the boundary conductance h, at least.on the 
cold surface, cannot be neglected, and it would be desirable to 
have charts including different h values. Moreover, the curves in 
Fig. 1 are too widely spaced for comfortable interpolation. 

In the example, the authors try to show the necessity of a more 
accurate calculation than hitherto customary by comparing their 
result with those obtained by using Equation [4] or [5], respec- 
tively. 

The writer has always contended that the geometric mean gives 
a better approximation than the arithmetic mean. In the case 
of the present example, the geometric mean would lead to a value 
of f = 1.79 or an error of only 8.5 per cent. 

The magnitude of error in the example is very large and larger 
than for most practical cases for two reasons: (a) the authors 
selected an unusual value of «/D; and (b) they neglect the h 
value, as just stated. Insulation of more practical thickness 
(resulting in a smaller z/D), and the introduction of the h value 
would reduce materially the error; for most practical cases it is 
sufficiently accurate to base work on the geometric mean. 


AUTHORS’ CLOSURE 


The authors wish to thank Messrs. Elrod, Fowler, and Paschkis 
for the interest shown in this paper. Mr. Elrod’s extension of 
the applicability of the results is a valuable contribution. In 
answer to Mr. Fowler’s question pertaining to the accuracy of 
the results, the case of D/L = 3, c/D = 1, with f = 3.19 was 
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relaxed using a network half again as fine as the one originally 
used, The change of the factor f was less than one per cent. 

The purpose of this paper is to present a convenient method 
of solving the heat transferred through unusually thick insulation 
applied to cylindrical enclosures having a high D/L ratio. The 
authors have calculated the error resulting from the use of the 
geometric-mean area for each of the networks reported in Table 2. 


Curves have been drawn of per cent error against D/L ratio for — 


the ranges covered by Fig. 1. The work is too long to be re- 
ported here; however, for the 13 networks reported in Table 2 
the minimum error is 10.5 per cent and the maximum is 17.9 
per cent. In general, the error increases with both x/D and 
D/L. The authors feel that the curves offer an appreciable 
advantage over the use of the geometric-mean area. 

The paper is limited to the case of infinite surface coefficients. 
The magnitude of the error introduced by this assumption may 
be calculated in the case of infinitely long cylinders by the 
equation ‘ 
fkhpAo ai thh Ao aF h,A;fk 


Per cent error = 1 — thh A, 


where fh, and h, are inside and outside surface coefficients, re- 
spectively. It is suggested that this equation be used to indicate 
the order of magnitude of the error in the case of cylinders of 
finite length. The error will always be negative. If the indi- 
cated error is too large it becomes necessary to.solve the problem 
by relaxation. 
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Condensation on Six Finned Tubes in a 


Vertical Row 


i BY D. L. KATZ! anp J. M. GEIST,2? ANN ARBOR, MICH. 


oy 


Condensing heat-transfer coefficients for F reon-12, 
_ n-butane, acetone,and water were obtained for six horizon- 
_ tal finned tubes in a vertical row. The over-all heat- 
_ transfer coefficients were measured for each tube at a series 
_ of water velocities and were plotted by the method of Wil- 
__son to obtain the condensing coefficients. The differences 
4 between experimental and predicted coefficients for the 
_ top tube were less than 14 per cent, and the average con- 
_ densing coefficient for the six tubes was less than 10 per 
cent below that for the top tube. ‘The finned surface was 
_ entirely effective for condensation even for organic liquids 
_ having a tendency to be retained by the fins under static 
- conditions. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
= total effective outside surface finned tubes, sq ft 
A, = horizontal surface finned tubes, sq ft 
area of fins, sq ft 
Deq = equivalent diameter of finned tube for use in Nusselt’s 
equation, in. or ft 
D, = diameter over fins, in. or em 
D = root diameter finned tubes, in. or cm 
g = acceleration due to gravity, ft/hr? 
h = condensing film coefficient, calculated from Nusselt’s 
equation for single tube, Btu/(hr)(deg F) (sq ft) 
k = thermal conductivity of condensing vapor at average 
film temperature, Btu/(hr)(deg F) (ft) 
L = equivalent vertical height of finned tube, in. * 
nm = number of tubes in vertical row 
q = heat transferred, Btu per hr 
T, = average cooling-water temperature for runs with Freon-12, 
deg F 
T, = average cooling-water temperature for runs with other 
material, deg F 
U» = over-all heat-transfer coefficient based upon outside sur- 
faces, Btu/(hr) (deg. F)(sq ft) 
AT = mean temperature difference between cooling water and 
condensing vapor, deg F 
V = cooling water velocity, fps 
At = mean temperature difference between metal and con- 
densing vapor, deg F : 
= latent heat of vaporization of condensate, Btu per lb 


es 
I 


r 

p = density of condensate at average film temperature, lb per 
cu ft 

yw = viscosity of condensate at average film temperature, lb 


per ft per hr 
b = factor to be supplied to (m) for finned tubes in a vertical 


TOW 
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surface tension of liquid adhering to fins, dynes/em 
spacing between fins, em 


wn 2 
Il 


INTRODUCTION 


This research was conducted to determine if heat-transfer coef- 
ficients for liquids of high surface tension would follow the pre- 
diction of Nusselt (1) when condensing on a vertical row of hori- 
zontal finned tubes. 

Condensation coefficients for heat transfer depend on the thick- 
ness and properties of the liquid film on the surface. Increases 
in the rate of condensation increase the film thickness and 
hence the condensation coefficients are diminished. The drip- 
ping of liquid from one tube to lower tubes in a multitube con- 
denser increases the film thickness on the lower tubes, and re- 
duces the coefficients for the lower tubes, as compared with the 
top tube. Measurements on a bank of plain tubes (2) indicated ~ 
that the effect of the number of tubes in a vertical row is less 
than that predicted by Nusselt’s theory (1). 

For film-type condensation of a saturated vapor outside a ver- 
tical row of n horizontal tubes, Equation [1] has been derived by 
assuming viscous flow of liquid from the tubes, transfer of heat 
through the liquid film by conduction, and idealized boundary 
conditions (1) 


k8p?gr ie ie Nsinzte ae 


sees me 
‘ os e Atu 0-28 


This equation, modified for single finned tubes (3, 4), has been 

shown to apply to the vertical surface of the fins and the hori- 
zontal tube surface. Measurements on a commercial condenser, 
having an average of 3.2 finned tubes per row (5), indicated that 
Equation [1] would apply to Freon-12 for multitube condens- 
ers. , 
In translating data for condensing refrigerants on finned tubes 
into expected performance for petroleum or organic chemicals, 
differences in physical properties should be considered. Static 
tests to determine the liquid retention on finned tubes indicated 
that liquids of high surfac@ tension and low density adhered to 
the bottom of the finned tubes and increased the film thickness 
(see Appendix 1). Any retention of liquid under dynamic con- 
ditions would be most significant for the lower tubes in a vertical 
row. 


EQUIPMENT AND PROCEDURE 


The experimental work was conducted on a condenser having 
six horizontal finned tubes in a vertical row. A reboiler supplied 
the vapors to be condensed. Fig. 1 shows the equipment, and 
Fig. 2 is a line diagram of material flow. 

The condenser shell was constructed from a 10-in. pipe, 3 ft 
long, with tube sheets 11/2 in. thick welded oneach end. Fig. 3 


_gives the tube-sheet layout. Three sight glasses were installed 


in the shell of the condenser for visual observation of the conden- 


’ sation. The condenser, reboiler, and lines were insulated. 


Copper integral finned tubes with °/s in. root ‘diam were used. 
The tubes had 15 actual fins per in., but are listed as nominal 16 
fins per in. The dimensions of the tubes are given in Table 1, 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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PHYSICAL DIMENSIONS OF TUBES FOR CONDENSER 


Distance between tube sheets = 357/s in. 
Integral, spiral-finned, copper tubes, nominal 16 fins per in, 


Root Dia. Dia. of Length of Actual Equivalent Ratio of 
Dia. Over Plain Nominal Actual Finned Outside Dia. for Outside Area to 
Tube D Fins Ends Inside Number Section Area Nusselt Eq. Outside Area of 
No. Do Dia. . Fins/in. Deg 3/4-inch 
‘ins. ins. ins. ins. ins. sq.ft. ins. Plain Tube 
1 0.621 0.746 0.750 0.553 15.0 34-3/8 TU SS 0.116 2.46 
2 0.621 0.747 0.750 0.555 15.0 34 1/4 1.457 0.116 2.46 
3 0.621 0.745 0.750 OND5> 15.0 34-3/8 L.4by 0.116 2.46 
y 0.621 0.747 0.750 0.555 15.0 34-3/8 1.462 0.116 2.46 
5 0.621 0.745 0.750 02555 15.0 34-1/4 1.440 0.116 2.46 
6 0.621 0.746 0.750 0.555 15.0 S4-1/4 1.449 0.116 2.46 


Fig. 3 Enp View or ConpDENSER, INDICATING SPACING OF FINNED 
TUBES 


and a typical fin profile, as measured with an optical micrometer, 
is given in Fig. 4. The tubes were rolled into the tube sheets. 
The tubes were smooth on the inside. 


004" 


16 FINS PER INCH « 


Fie. 4 Prorite or Fin Cross Section 4S Measurep WirH aN 
OpricaL MicROMETER 
(Copper tubes, integral fins, ®/s in. root diam.) 


A heat exchanger was used for preheating the cooling water to 
the desired temperatures before the water entered the manifold 
which fed the tubes. Approximate water rates were measured 
with an orifice manometer; a weigh tank was used for measuring 


actual water rates. Before obtaining the heat-transfer data, the 
relative rates of flow between tube 3 and the remainder of the 
tubes were determined by simultaneous measurements in two 
weigh tanks at a series of water rates. When taking the heat-. 
transfer data, only the water from tube 3 was collected and 
weighed. The rates of water flow for the other tubes were ob- 
tained from the calibration curves, and the maximum variation 
between tubes was 5 per cent. 

Calibrated thermometers with 0.1 deg F graduations were in- 
stalled for measuring the entering cooling-water temperatureand 
the temperature of the cooling water leaving each tube. For 
measuring the temperatures of the vapor line and the saturated 
vapor, thermometers with 0.5-deg F graduations were installed. 
A calibrated pressure gage gave the pressure in the condenser. A 
calibrated condensate receiver for the steam from the reboiler was 
used to obtain data for heat balances. 

Before charging the heat-transfer fluid, the condenser and re- 
boiler were evacuated to less than 1 mm Hg abs pressure. After 
the materials were charged, the system was purged to a vent line 
several times. Because the pressure of the system during the 
water runs was below atmospheric, it was necessary to purge from 
the system into an evacuated tank. 

Since the condensing film coefficients were to be determined 
from modified ‘‘Wilson”’ plots (8, 6), measurements for each ma- 
terial were made at five condenser water rates. Preliminary 
observations were made with cooling-water velocities of 4.5 and 
12.5 fps to determine the range of temperatures and pressure over 
which satisfactory measurements were possible. The tempera- 
ture and pressure of the system were then set at values which 
could be maintained over the range of velocities. 

For the first run, the cooling-water rate was set at about 4.5 
fps and kept constant by reducing the fluctuations of the water- 
orifice manometer to a minimum. The rate was measured by 
recording the time necessary for collecting 300 to 400 lb of cooling 
water. The temperature of the condensing vapor was maintained 
constant by manual control of the steam to the reboiler. The 
temperatures of the entering and leaving cooling water, the tem- 
perature and pressure of the condensing vapor, and the tempera- 
ture of the vapor in the transfer line were recorded at about !/2- 
min intervals. The temperature and pressure of the steam to 
the reboiler, the temperature of the condensate, and the rate of 
accumulation of the steam condensate were also recorded. 

Subsequent runs at higher water rates were similarly performed 
with one exception. The cooling water was preheated so that the 
average cooling-water temperature in the top tube, and the mean 
temperature difference between the condensing vapor and the 
cooling water in the top tube were maintained at a constant value 
for all the runs with the same material. Duplicate runs were 
made at each water velocity, after purging for 1 min, to determine 
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KATZ, GEIST—CONDENSATION ON SIX FINNED TUBES IN A VERTICAL ROW 


if noncondensable gases were affecting the measurements. Be- 
cause of the limitations of the reboiler, condensing-steam coef- 
ficients were measured at only the three highest cooling-water 
rates. 

Freon-12, n-butane, acetone, and water were selected as test 
fluids to give a wide range of ratios of surface tension to density 
(see Appendix 1). Satisfactory performances for Freon-12, n- 
butane, and acetone on a vertical bank of finned tubes should 
indicate that finned-tube condensers would be effective for most 
organic materials. 

The Freon-12 was the commercially available refrigerant pur- 
chased from Kinetic Chemicals, Inc., the n-butane was purchased 
as 99 per cent pure from the Phillips Petroleum Company, the 


_ acetone was purchased as C.P. from the Commercial Solvents 


Corporation, and the water was laboratory distilled. 


VISUAL OBSERVATIONS 


Visual observations were made (through the sight glasses) of 
the condensate dripping from the tubes. The description of 
condensate flow applies to the runs for Freon-12, n-butane, and 
acetone. The rate of condensation of water vapor was so small 
that the amount of condensate flowing from tube to tube was 
also very small. Despite prolonged periods of operation, the 
condensation of water appeared to be predominantly dropwise 
rather than filmwise. 

At low cooling-water rates, the amount of condensate drip- 
ping from tube 2 appeared to be about twice the amount dripping 
fromtubel. Tube 3 was slightly bowed as a result of the rolling 
operation, and a portion of the liquid from tube 2 did not appear 
to drip on tube 3. ,Equal amounts of condensate appeared to be 
dripping from tubes 3, 4, 5, and 6. Some of the condensate did 


not fall to the tubes below but splashed to the sides owing to the 


motions imparted in draining from the fins. At increasing rates 
of condensation (higher cooling-water rates), the fraction of con- 
densate splashing to the sides, rather than impinging on the tubes 
below, increased. 

At low rates of condensation, the condensate fell from the 
tubesin drops; at high rates of condensation, continuous streams 


- of condensate flowed from the tubes at intervals of about 3 in. 


The points from which the dripping or streaming took place 
seemed to oscillate. This was probably due to the spiral motion 
imparted by the fins. 


CALCULATION OF RESULTS 


From the observed data, the over-all coefficients of heat trans- 
fer in Btu per hour per degree F per square foot outside surface, 
and the water velocities in feet per second, were calculated as 
given in Table 2, and indicated in Fig. 6. A modified Wilson 
plot (6) was made in order to obtain the condensing film coef- 
ficients at infinite water velocity. The Wilson plot consists 
of the reciprocal of the over-all coefficient versus the reciprocal 
of the 0.8 power of the water rate. The intercept is equal to the 
resistance of the condensing vapor, the metal wall, and any foul- 
ing. The slope depends upon the physical properties of -the 
cooling water and the condenser tubing. One modification con- 
sisted of a correction factor to include the effect of temperature 
on the physical properties of cooling water (3). By the use of the 
correction factor (1 + 0.0117;)/(1 + 0.01172) on the velocity 
term, the same slope was used for a given tube, independent of 
the material. Because of slight variations in the dimensions of 
the tubing, there were variations in the slopes of the Wilson 
plots for a given material, for each of the six tubes. 

It has been shown that although the original Wilson plot 
requires a constant temperature difference between the tube wall 
and the condensing vapor, a satisfactory plot will result if a con- 
stant temperature difference between cooling water and con- 
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densing vapor is maintained (3). Fig. 5 is the Wilson plot for 
acetone condensing on the copper tubes with 16 (nominal) fins 
per in. An example calculation required to obtain condensing 
coefficients is given in Appendix 2. 

Tables 3 and 4 list the experimentally determined condensing 
film coefficients and compare the coefficients with those calcu- 
lated from the Nusselt equation. Rather than applying the 
equations for the horizontal and vertical surfaces to relative areas 
represented, Equation [1] is used with the following definitions 
of the equivalent diameter (3) based upon the fraction horizontal 
and the fraction vertical surface : 


1) Perolease Ayu 


6.725 ALLY), A.D 


Dg! 


TRANSACTIONS OF THE ASME 


| 
| 


NOVEMBER, 1948 


912 
TABLE 3 CONDENSING FILM COEFFICIENTS 
Copper tubes, 16 fins per in., 5/s in. root diam 
ee ee ee ee ee 
~ Water 
Es n - Butane Acetone s AS OS 
Cincete pace: epoee Condensing Temp. 148.5°F Con eae ees 154.07): Cone erate 45 
LO°r aT 80°F at coh 
feraraia (overall) (overall) (overall) 
Se ee ee, 
* ag ie 
os qd tin * =) ees Sap 00 13a 
eres 3 Eas ste eas tl fe ga 
BES Ee eh Ae 8p lh SR ERS Bee hres Peyisy eae oR ‘de 28. sae 
iS ° Ys s 3 On ° PSs fe 3 §Ond O° Ps aid of Boe ° ae Bitiey ds pe 
° RA qd 6 Set yetehe ee PA 60 oOvoem | Pd so 0 of he BE Ost | set ou 
= aA, Od wom Ou an, OH AO ou O04 Ory ad? SS gO O@ upeo 
o 1} oy HPr® o go OP He@ ao go ogy Hr oO Eis io, a a 3 
® og Ee Eechaconio. to og dd aAdP O 0 og al aieel ct FAO an ae aeoh pales 1s) 
a HO Re Wad AO HO He Sadat ~ dO aie) Pika sal ree cs Fae AB sn Sco ommonnal 
2 oH om ao od oH oa Gd od one ea ES i ao CHR AVY 
ga RO on DER re §8 Onu Sey aa Re. ga2 B28 Sz 48 833 288 
Sm PEC SBE a Re TR ae SS, Rseeel ea eh 2 98 
: 36 ; Q { 5 0.00070 1490 1920 0.78 
ak 0.0030 32 387 0.86 0.00256 395 420 0.94 0.00167 610 581 1.05 
2 oe 0.00330 306 264 1.16 0.00262 386 286 1.35 0.00180 ~565 397 1.42 0.00070 ae Ee SE 
3 Q.00317 | 318 «232-1237 0.00246 -41NY 251) 91.64 0.00171 ~ 599 948 TugL ORO oss ee 
4 0.00326 309 212 1.46 0.00256 395 230 ala 0.00176 578 318 182 0.00 ip aia es eee 
5 0.00338 299 200 1.50: 0.00262 386 2LF 1.78 0.00190 535 301 1.78 ees hice 935 1240 
6 0.00346 292 189 did 0.00273 370 204 1.82 0.00194 SPS) 283 1.85 0.00u 4 . 
Averege 309 247 Me PAS 390 268 1.46 568 Byee £553 1490 1226 lapel 
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*Condensing film Coefficients in Btu/(hr.)(°F)(sq. ft. outside surface) 


TABLE 4 COMPARISON OF CONDENSING FILM COEFFICIENTS 
FOR TOP TUBE AND AVERAGE OF SIX TUBES 


Copper tubes, 16 fins per in., 5/sin. root diam 


Ratio of 
Average coefficient 
Experimental experimental for tube 1 
coefficient coefficient to average 
for tube 1, for six tubes, coefficient, 
Material hi hm (hi/hm) b* 
Nusselt’s 
Theory hy hm 1.565 1.0 
Freon-12 332 309 1.073 0.22 
Butane 395 391 1.010 0.017 
Acetone 610 568 1.073 0.22 
Water 1490 1490 1.000 0.0 
hi 


* 5 in equation hm = EDGR) 
Coefficients in Btu/(hr) (deg F) (sq ft outside surface), 


where 


D,, = equivalent diameter of horizontal finned tube, ft 
A, = area of fins, sq ft 
A, = area of horizontal tube having diameter equal to root 
diameter, sq ft 
A,, = A; + A; X fin efficiency, sq ft 
D = root diameter, ft 
L = average height of finned area, ft 


The fin efficiency was greater than 0.95 for all conditions and 
was used as 100 per cent in this paper, as indicated in the ex- 
ample calculation in Appendix 3. 

The coefficient calculated by Nusselt’s equation for tube 2 was 
obtained from the coefficient for tube 1 by the following relation, 
as derived from Equation [1] 


he = [5 — (n —1)°%]h, = 0.688h:;........ [3] 


A similar calculation was made for the lower tubes. 

The deviation between the experimental and predicted coef- 
ficients for the top tube (tube 1) for organic liquids is less than 14 
per cent and is as close as that previously found (3,4). The data 
indicate that the decrease in condensing coefficients for tubes 
below the top tube is much less than that predicted by Nusselt. 
This is not surprising since the liquid dripping from one tube 
may not strike the tube below, nor does it necessarily increase 
the film thickness over the entire heat-transfer area. Also, the 
effect of turbulent flow of the liquid would tend to increase the co- 
efficients over the calculated values for the lower tubes in the 


row. The values of b, given in Table 4, multiplied by n give an 
indication of the effective number of finned tubes in a vertical row 
when following the Nusselt theory. 


CoNCLUSIONS 


The 5 per cent difference between the experimental and pre- 
dicted coefficient for acetone condensing on the top tube of a 
bank of copper finned tubes indicates that high static liquid re- 
tention does not decrease condensing coefficients under dynamic 
heat-transfer conditions. Organic liquids, having a ratio of sur- 
face tension to density, high as compared with refrigerants, may 
be condensed on the outside of copper integral-finned tubes with 
all the fin surface effective and without interference by liquid re-_ 
tention between the fins. The experiments also indicate that the 
decrease in condensing film coefficients with the number of tubes 
in a vertical row is much less for finned tubes than would be pre- 
dicted by the application of Nusselt’s theory. For a bank of six 
tubes in a vertical row, the average condensing heat-transfer 
coefficient was only 10 per cent below that of the top tube. For 
design purposes Nusselt’s theory, applied to a bank of horizontal 
finned tubes, may be expected to give condensing heat-transfer 
coefficients below the experimental values. 
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Appendix 1 
RETENTION oF Liquips By Fins Unper Static Conprrions 
The retention of liquids by finned tubes was investigated under 
static conditions. A formula was derived to give the liquid re- 
tained between the fins in terms of the properties of the fluid and 
the dimensions of the tube. This formula shows that the angle 


subtended by the liquid retained between the fins is a function of 
the ratio of the surface tension to the density of the liquid 


¢/360 _ ¥ | 4D,— 2D + 2s) 
sin¢/2 gp 


Se Sey 


rs qa. a 


where 


¢ = angle subtended by liquid retained in space between 
fins, deg 
¢/360 = fraction of heat-transfer surface covered by retained 
liquid 
y = surface tension of liquid, dynes per cm 
p = density of liquid, g per cc 
D2 = diameter over fins, cm 
D = root diameter, cm 
Ss = spacing between fins, cm 
g = local acceleration due to gravity, approximately 980 
cm/sec? 
Cr = cohstant for given finned tube 


Fig. 7 is a plot of the surface covered by retained liquid under 


FRACTION OF HEAT TRANSFER SURFACE COVERED 
BASED ON WEIGHT OF RETAINED LIQUID 


cy. 
gp 
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static conditions as measured on ten different finned-tube sections 
using acetone, carbon tetrachloride, aniline, and water as liquids. 
The liquid retained was weighed, and the angle subtended by 
this quantity of liquid was computed. 

Because of the simplified mechanism for liquid retention by 
fins, postulated in deriving the foregoing formula, agreement be- 
tween the formula and experimental data would be fortuitous. 
However, the formula does indicate that the dimensions of the 
finned tube and the properties of the retained liquid given in the 
formula provide suitable variables for correlating the data. 

Fig. 7 for static conditions indicates that liquids having surface 
tensions considerably above that of refrigerants might be re- 
tained to an extent that they would interfere with the condensa- 
tion process. The heat-transfer experiments on 


Acetone 2 = 24 ean 


py (em) (g) 


Butane E = 14] 
p 


Freon-12 |? = 6| ) 
p 


indicate that the increased liquid retained by acetone under static 
conditions is not reflected in any decrease in heat transfer. Ex- 
perimental data on acetone compare as favorably with calculated 
heat-transfer coefficients as the experimental data on Freon-12 
compare with its calculated data. From this it is concluded 
that static liquid retention is no criterion for judging performace 
under condensing conditions and therefore the details of the 
static-liquid-retention research are omitted. This brief note 
and Fig. 7 have been included to dispel any apprehensions which 
others may have as to the performance of finned surfaces when 
condensing liquids which are retained on finned tubes under static 
conditions. 


O ACETONE 

O ANILINE 

yv CARBON TETRACHLORIDE 
4 WATER 


LIQUID .RETENTION RATIO = DIMENSIONLESS 
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Appendix 2 
EXAMPLE CALCULATION OF Data FoR WILSON PLOT 


Run No. 48—Acetone 

Tube No. 1-1.452 sq ft outside area 

Cooling-water rate = 1709 lb per hr 

Cooling-water temperature rise = 17.28 F 

Average cooling-water temperature = 74.01 F 

Average cooling-water temperature for Freon-12 = 67.7 F 
Average condensing-vapor temperature = 153.92 F 

Heat transfer = (1709)(1)(17.28) = 29,530 Btu per hr 


q 29,530 


Us = FAT ~ (1.452)(153.92 — 74.01) — 
254.5 Btu/(hr) (deg F) (sq ft) 
1 144 
Te oleae f1/ 1B) | eo |) ares 


Ne 7 (0.555)? ft? 


= —— = 0.003929 (ordinate) 


(; + 0.011 7) plas (; + 0.011 x an) 


P0011 7.) Vor Nie 0.01 is 740 


1 , 
45408 = 0.287 (abscissa) 


Appendix 3 
EXAMPLE CALCULATION OF EQUIVALENT DIAMETER FOR FINNED 
Tuss ror Uss 1n Nusseir Equation 
1 0.943 A, A, 
@,)”* ~ 0.723.4,,L7% + A,D¥: 
For tubes with nominal 16 fins per inch—actual 15 fins per inch: 


Root diameter = 0.621 in. 
Fin diameter = 0.746 in. 


’ A, per foot of tube = 


NOVEMBER, 1948. 


(0.746)? — (0.621)? 


ie = 0.180 in. 
4 0.746 


thy = 
a (0.746)? — (0.621)? 
f 144 


x 2x 15 xX 
12 = 0.3356 sq ft 


A,, = 0.3356 X 1.00 + 0.1626 = 0.4982 sq ft per ft of tube 


0.1626 1 
0.4982 “~ (0.621)'/4 


0.3356 1 
0.4982 “~ (0.180)/4 


1 _ 0.948 
(Da 0.725 


D,q = 9.1163 in., assuming 100 per cent efficiency for the low 
fin copper tube. 


Discussion 


D.S. Crypger.* No explanation is offered for the discrepancy 
between the experimental average coefficient and the average 
coefficient predicted by Nusselt. According to the data, the 
former is about 46 per cent greater (for freon and acetone) than 
the Nusselt coefficient. Deviations from ideal streamline flow, 
due to splashing, diversion of condensate to side walls of enclos- © 
ure, etc., may account for the difference but at least these dif- 
ferences should be pointed out. 

It would also have been interesting to have extended the work 
to cover more viscous liquids such as light petroleum fractions. 
It is conceivable that such liquids might conform more closely to 
the Nusselt theory. 

The writer would like to see this work continued to cover vari- 
ous finned dimensions and a wider range of fluids so that we have 
a sound basis for changing the Nusselt exponent, if necessary. 


4 Professor, Chemical Engineering, The Pennsylvania State Col- 
lege, State College, Pa. 


Stability of SR-4 Electric Strain Gages 
and Methods for Their Waterproofing 


and Protection in Field Service 


By A. BOODBERG}, E. D. HOWE,? anv B. YORK? 


Tests were conducted to determine the effects of time in 
service, changes in temperature, humidity, methods of 
mounting, and of several waterproofing agents upon the 
stability of SR-4 electric strain gages, and also to determine 
the protecting qualities and durability of waterproofing 
agents and coverings that could be conveniently applied 
under field conditions. Most tests were conducted on steel 
blocks not subjected to loads, but a few tests were also 
made on gages applied to bars and plates which were sub- 
jected to repeated loadings. The results have been re- 
assuring and demonstrate that the gages are reliable if 
properly used. 


INTRODUCTION 


ESTS of stability of SR-4 electric strain gages at the Uni- 

versity of California were undertaken as preliminary and 

supplementary studies to an investigation instituted by 
the Office of Scientific Research and Development into the 
history of residual stresses in welded ships in February, 1944.‘ 
The tests were started to determine the protective qualities and 
durability of waterproofing agents that could be applied con- 
veniently to SR-4 gages which were to be installed on the decks 
of the ships used in the investigation. The effects of changes in 
temperature, humidity, and methods of mounting were also 
studied and, as the test progressed, it was decided to check the 
stability of certain SR-4 gages for a longer period of time. 

Most of the tests were conducted under static conditions on 
ship-plate blocks that were not subjected to loads, readings on 
the gages being taken daily during the first months of the in- 
vestigation and at less frequent intervals later. Some results were 
obtained from bars equipped with SR-4 gages and subjected 
to various tensile and compressive loads at different times 
throughout the test period of over 30 months. The results have 
demonstrated that the SR-4 electric strain gages, if properly 
waterproofed and well protected from mechanical damage, are 
reliable for a considerable length of time even under the most 
severe type of usage. 


Scors or TESTS 


SR-4 gages of the following types were used in the tests: A-1, 
A-5, AX-5, A-7, A-11, and AR-1. The gages used in static sta- 


1 Associate Professor of Mechanical Engineering, University of 
California, Berkeley, Calif. : i 

2 Assistant Dean, College of Engineering, University uf California. 
Mem. ASME. ; : f 

3 Assistant Professor of Mining, University of California. 

4 “History of Residual Stresses in Welded Ships,” OSRD Report 
No. 6359, Serial No. N-586, Nov. 28, 1945. a 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Annual Meeting, Atlantic City, N. J., 
December 1-5, 1947, of Tan AmpricAN SocipTy OF MEcHANICAL 
ENGINEERS. ‘ : f 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-120. 


bility tests were mounted on small pieces of ship plate (about 
*/s in. X 2 in. X 6 in.), some of which were carefully annealed 
to prevent creep within the test specimen from affecting the 
readings of the gages; as an extra preeaution a few of the gages 
were mounted on the sides of a 4-in. Hoke gage block. Readings 
were taken daily on Baldwin-Southwark SR-4 portable strain 
indicators for the first few months; later the readings were taken 
at less frequent intervals. To test the effectiveness of water- 
proofing, specimens covered with several waterproofing agents 
were given prolonged exposure in various environments. These 
waterproofing tests were conducted as a guide in the selection of 
a waterproofing agent, or combination of agents, which would 
provide adequate protection and also would be easy to apply 
under field conditions. No attempt was made to test all availa- 
ble agents nor to exhaust the possible conditions or methods of 
application of those that were tested. 

Gages used in the dynamic tests were mounted on several pieces 
of steel which were subjected to several loading cycles within the 
elastic limit of the material during a period of about 30 months. 

Compensators or “dummies’’ used in this series of tests, as 
well as those used in the main investigation of residual stresses 
in ships, were made by mounting various gages on small pieces 
of annealed ship plate. The stability of these dummy gages was 
carefully checked by obtaining readings on an SR-4 strain meter 
using one leg of a rosette gage of the dummies as the active 
gage and the other leg of the same rosette gage as the dummy 
gage, as well as by reading one dummy gage against another 
dummy at frequent intervals during the period of test which 
lasted well over 3 years. 


PROCEDURE 


Gages were mounted on test pieces of ship plate of convenient 
dimensions. These were prepared by wire-brushing the surface 
of the plate free of scale and rust, then smoothing with emery 
cloth. Oil and dirt were removed by washing with acetone. The 
gages were cemented in place with quick-drying celluloid cement 
(made by dissolving 25 grams of celluloid in 1 lb of ethyl acetate) 
and were held in place by pressing lightly until set. Some gages 
were allowed to dry at room temperature and others were heated 
by infrared lamps to as high as 140 F to accelerate and facilitate 
the drying. Insulated single-strand wires were soldered to the gage 
lead wires and then stapled securely to the small wood blocks 
that were bolted to the specimen plate. Waterproofing agents, 
listed in Table 1, were applied after allowing at least 24-hr drying 
time, except in the case of one set of gages which was prepared 
especially to determine the effect of applying waterproofing to 
gages that had dried for short periods. The waterproofing agents 
were applied in copious quantities to both the gage and the plate 
and extended 1/. in. or more beyond the edge of the gage. When 
one agent was applied over another, the second was extended 
1/. in. or more beyond the edge of the first. The lead wires of the 
gages were coated with the waterproofing agent up to the insula- 
tion of the connecting wires. Specimens were then subjected 
to varying degrees of humidity and different temperatures and 
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some were placed in glass vessels containing fresh or salt water, 
and Diesel or fuel oils. A wax-protected gage on a test block and 
one undergoing an immersion test are shown in Fig. 1. 


Hie. 1 


MeruHop or SecurInG Leap WirEs TO Gace BLOCK AND 
SPECIMEN UNDERGOING IMMERSION TEST" 


The tests were conducted under controlled conditions, wherever 
practicable, in order to determine the effect of each influencing 
factor separately. Care was taken to assure good connections 
at the indicator and to have the indicator, specimens, and dummy 
at equal temperature, except when testing for the effect of a cold 
indicator. Cross-comparisons of gages and dummies were made 
regularly so that the deviation of individual specimens would be 
apparent. Electrical resistance between the gage wire and plate 
was carefully checked throughout the test period. 

Tests in which the gages were subjected to tensile and com- 
pressive loads were made by mounting gages on a piece of spring 
steel, 1/,in. X 2 in. X 20 in., a piece of hot-rolled mild steel, 
lin. X lin. X 60 in., and a piece of ship plate */,in. X 8 in. X 
30 in. The spring steel and the square hot-rolled stock bars 
were used as cantilever beams during the test period and the 
ship-plate specimen was stressed in a universal testing machine. 
Stresses as high as 25,000 psi in tension and compression were 
reached in the test pieces several times during the test period of 
21/2 years, and accurate records of the gage readings at various 
load levels were kept. 

Several means of mechanical protection were devised for guard- 
ing gages on board ship from damage. The sturdy cover shown 
in Fig. 2 was used on the decks of two ships that were equipped 
with strain gages and were in regular service for a period of about. 
6 months. Fig. 3 shows the installation on the underside of the 
deck. Some of the other types of covers shown in Fig. 4 were 


used to protect SR-4 gages on ships that were tested during the 
construction period. 
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Fic. 2 Heavy-Dury Srrarm-Gace Cover INnsTaLLED ON MAIN 


Deck or LisertTy-TYPr SHIP 


Fie. 3 Srrain-Gace Cover Usep on UNDERSIDE oF DecK 
(Wires connect individual gage stations to central panel.) 


ReEsu.tts or TEsts 


Comparison of Gages by Type. The tests disclosed no appar- 
ent difference in stability of gages by types. When well pro- 
tected, all types of gages showed good stability both in the static 
time tests and the tests where loads were applied to specimens. 
The multiple layers of wire and paper in the AR-1 rosette and 
AX-5 type gages had no measurable effect on stability. 

Effect of Time. Some specimens were under observation for 
over 40 months, others for a shorter period, with good results 
when adequately protected from moisture. Though it is diffi- 
cult to isolate the effect of time from that of temperature, mois- 
ture, etc., it is apparent that time alone causes only minor de- 
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Fie. 4 Various Typrs or Srrarn-GacGe Covers Usrep ABOARD 
SHIP 


viations, or drift, if any, from the original reading. Table 2 shows 
the deviations for some of the pairs chosen as representative 
from among adequately waterproofed specimens. It also shows de- 
viations of gages used in the dynamic tests. Table 3 shows 
dummy check readings with differences from their median for 
a period of 43 months. These dummies were used as compen- 


917 


sating gages in obtaining most of the strain readings taken by 
Project NRC-74 in study of stresses in welded ship hulls,* and 
during the test period were often subjected to temperatures rang- 
ing from 30 F to 100 F as well as rain, fog, and salt-water spray. 
These dummy check readings show only minor fluctuations, but 
no drift trend during the period of these observations. 

Effect of Temperature. Variations in temperature within a 
moderate range, as they were in these tests, have no appreciable 
effect on the rate of drift. This is shown by a comparison of the 
drift rates of specimens kept in a controlled-temperature room 
with those that were subjected to temperature variations be- 
tween 55 and 85 F. 

Temperature apparently has no effect on constancy and ac- 
curacy of reading, provided the gage and dummy are selected 
from the same wire lot and that the temperatures of the gage 
and dummy are equal, as has been demonstrated by the dummy 
check readings taken at various temperatures (see Table 3). 

Varying the temperature of the indicator while that of the 
gage and dummy remained constant gave fluctuations of small 
magnitude (+10 microinches). 

Effect of Humidity. Ordinary room humidity has no appar- 
ént effect on stability of SR-4 gages, even unprotected ones. 
However, gages that are to serve in damp conditions must be 
waterproofed to avoid damage. This need is shown by the curves 
in Fig. 6. It was not apparent on visual examination that the 
gages were damaged by moisture, but it was at once apparent 
from the decrease in electrical resistance between the gage wires 
and the plate (a drop from nearly infinity to below 5 megohms 
for some of the specimens). 

Effect of Time of Drying of Mounting Cement Before Water- 
proofing. Gages that were dried for only 13 min prior to heating 

-in preparation for waterproofing showed as good a stability under 


TABLE 1 EFFECT ON STABILITY OF SR-4 GAGES OF DRYING TIME ALLOWED BEFORE 
WATERPROOFING 
Total Temperature Maximum 
drying at application Length of deviation from 
Gage Protection time of waterproofing, observation, original reading, 
Specimen type used deg F months  microinches per in. 
20D A-11 Petrosene A 90 min 125 24 +10 
wax applied 15 
to hot plate 
21D A-11 Petrosene A 24hr 65 24 0 
wax applied —25 
to cold plate 
22D A-11 Petrosene A 13 min 125 24 +10 
wax applied —15 
to hot plate 
23D A-11 Petrosene A 85 min 105 24 +10 
wax applied —20 
to hot plate 
Star AR-1 Ozite B over 45 min 125 30 +20 
below Petrosene A —20 
dummy wax applied 
to hot plate 
Star AR-1 Ozite B over 45 min 125 30 +20 
top Petrosene A —15 
dummy wax applied 
to hot plate 
Port AR-1 Ozite B over 45 min 125 30 +15 
below Petrosene A —10 
dummy wax applied 
to hot plate 
Port AR-1 Ozite B over 45 min 125 30 +20 
top Petrosene ee —15 
mm: wax applie 
ae 4 to hot plate 
Star AX-5 Ozite B over 30 min 140 20 +10 
dummy Petrosene A —10 
wax applied 
to hot plate 
Dummy AR-1 Ozite B over 20 min 140 18 +15 
No. 1 Petrosene A —20 


wax applied 
to hot plate 


List or WATERPROOFING AGENTS USED IN TESTS 
Sauereisen Nos. 30 and 78....Saureisen Cement Company, Pittsburgh, Pa. 


Tsyrppteale race one iclelototeren-vegerere General Electric Company, Schenectady, N. Y 
Baul Varnish, B#61........ Bakelite Corporation, Bound Brook, N. J. 
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static conditions as gages that were dried for a period of 24 hr. 
The deviation of each as read against a wax-covered dummy 
gage is shown in Table 1. None of the waterproofing agents used 
in the tests and listed in Table 1 showed detrimental effects on 
gage stability. 

Results of Tests of Waterproofing Agents. Results of readings 
taken on specimens variously waterproofed while immersed in 
fresh or sea water are shown in Fig. 5. The covering found most 
suitable in protective quality and ease of application was a com- 
bination of Ozite B over Petrosene A wax applied to a heated 
plate. Each of these applied alone to the heated plate, and a 
combination of them applied to the cold plate failed to give 
adequate protection against prolonged immersion. Other agents 
and combination of agents tested failed after a relatively short 
time. 

Petrosene A wax applied to heated plate provided adequate 
protection for specimens exposed to a moisture-saturated at- 
mosphere. However, dynamic tests of gages mounted on bars 
used as cantilever beams showed that the wax had a tendency 
to crack when the bars were stressed-at temperatures below 40 
F. Ozite B surface did not show any such cracks at 30 F, and 
it may be assumed that it would retain its waterproof qualities 
down to that temperature. 

None of the waterproofing agents tested withstood prolonged 
immersion in Diesel or heavy fuel oil. 

Petrosene A wax and Ozite B each provided some degree of 
mechanical protection, particularly against tearing out of the 
slender lead wires of the SR-4 gages. 

Detailed data of the behavior of SR-4 gages subjected to vari- 
ous conditions can be found in the OSRD report mentioned. 
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CONCLUSIONS 


1 SR-4 gages showed no indication of drift with time when 
well protected from moisture. 

2 Of the several waterproofing agents tested, a combination 
of Petrosene A wax and Ozite B applied on the heated plate per- 
formed best over a long period of time. 
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Discussion 


D. M. Niersen.® This paper offers much data on the actual- 
performance of SR-4 strain gages under adverse installation con- 
ditions. Information in this field has previously existed only in 
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scattered form in various publications, and has been based on far 
less complete investigations. This paper now gives the structural 
designer and stress analyst a valuable guide to desirable@ractice 
in installing strain gages, and the order of measuring accuracy 
possible to obtain. 

The general experimental method is the cross-comparison of 
gages installed on sample specimens against dummy gages. No 
reference is made to any checks against resistance standards. 
This appears to be a valid technique for studying the effect of 
temperature, humidity, moistureproofing, and other ambient 
conditions under no-load conditions. 

Much of the data in the tables given show deviations con- 
siderably smaller in magnitude than the error reasonably to be 
expected in the SR-4 indicator readings over a period of months 
under field operating conditions. The first reaction is to question 
the accuracy of the deviation figures given. However, if the 
same instrument were used on all tests, then the random nature 
of deviation values given in Figs. 5 and 6, and the absence of any 
consistent drift in all gages for readings on the same date indi- 
cate that the instrument introduced no significant error. Analy- 
sis of the detailed data behind these tables should provide further 
light on this point. : 

It does seem doubtful that accuracies of the order given in this 
paper will be generally obtainable. A more reasonable order of 
accuracy to expect is the instrument error guaranteed by the 


manufacturer plus gage errors of the magnitude given in this 
paper. 

The purpose of the general investigation, of which this paper is 
a part, was the study of residual stresses in welded ships. For 
such applications a basic question is the stability of gage zero 
and strain-sensitivity factor over a long period of maintained 
stress, during which there is no chance to remove the strain and 
check gage zero. There must be some question as to whether 
the tests given in this work of stability at zero stress are valid 
for maintained stress conditions. 

Some work was done using gages on loaded specimens, as men- 
tioned in the text, and in the data on the last 6 gages in Table 2 
It would be helpful to give in more detail the readings. on the 
dynamic tests, including the stress values, lengths of time over 
which the load was maintained, gage deviations under constant 
maintained stress, and deviations of gage zero in successive re- 
.turns to zero stress conditions. Such data would reveal the ex- 
istence and magnitude of any gage drift or hysteresis to be ex- 
pected in residual-stress measurements. 

Data of this same sort would have additional value for the 
applications where strain gages are used as conversion elements 
in sensitive units for the detection and measurement of fluid 
pressure, torque, weight, etc. For such applications the need for 
permanent stability of gage characteristics is obvious. General 
practice on applications of this type has been to use bakelite 
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gages rather than the paper-backed type used in the ship experi- 
ments. Also, in some cases the gages have been built in place 
to obtain a better bond between the gage and the mounting 
surface. Data of the type described in the preceding paragraph 
might indicate whether refinements are generally essential. 


S. B. Sprackuen.® It is specifically stated in the abstract 
that both static and dynamic tests were made, but there is no 
statistical table in this report covering any of the dynamic tests. 
It is regrettable that a thorough coverage of dynamic tests on the 
SR-4 strain gages is not included in this report. While this omis- 
sion of data reduces the value of the report, the authors should 
be commended for their thoroughness on that part of the report 
dealing with the waterproofing and protection of strain gages 
in service, and the static tests which were run for the verification 
of those waterproofing tests. 

If statistical information is available on the dynamic testing 
of strain gages, it is suggested that such data be included in the 
report. 


AutTuors’ CLOSURE 


Discussion brought out several points which require further 
elaboration of the test results. One such item has to do with the 
small tolerance on repeated readings over long periods of time. 
These tolerances are given in Tables 1 and 8, and refer to gages 
used as ‘dummies.’ Therefore they are not comparable to 
service gages subjected to loads. The readings tabulated refer 
to the comparison of two strain gages mounted on the same piece 
of unstressed annealed plate, the whole assembly being carefully 
guarded from mechanical damage and thoroughly waterproofed. 
This is also true for the deviations shown in Figs. 5 and 6. 

The introduction of load had little effect on the stability as has 
been demonstrated by the consistency in readings of séme gages 
which were repeatedly loaded to as high as 20,000 psi in tension 
and 20,000 psi in compression. Most of the gages used in load 
tests were mounted on pieces of steel which were used as canti- 


6 Special Instrumentation Department, Instrument Division, 
Carbide and Carbon Chemicals Corporation, So. Charleston, W. Va. 
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lever beams. No drift was shown by any of the gages for a 
period of over 30 months, although in many cases the gages 
would not return exactly to zero after a cycle of loading, especially 
when loads were maintained for a considerable time. This 
deviation of gage zero due to loading was not included in the 
tabulated values as the deviations shown in the tables were 
limited only to the effect of time on the gage readings. Errors 
in the gage zero due to loading varied considerably from gage 
to gage but in no case did they exceed oe microinches per in. 
throughout the test period. 

Additional checks on the performance 7 the SR-4 gages and 
their stability were obtained during a later phase of the NRC-74 
research program when plugs were trepanned from decks of Vic- 
tory ships and C-4 troop transports. Several gage spots on the 
decks of these ships were provided with SR-4 rosette gages and 
were also marked for 21/:-in-gage-length mechanical gages. 
These gages were placed on the deck plates while the ships were 
under construction and were left on for the sea trials of the ves- 
sels. Thus they were subjected to various loads for a consider- 
able length of time. At the end of the sea trials the gages were 
trepanned from the decks and the relaxation stresses were thus 
measured. Total change of strains during construction as well 
as the relaxation strain, as measured by the mechanical and the 
SR-4 electrical gage, were in excellent agreement; a typical 
example is shown in Table 4 of this closure. 


TABLE 4 CHANGES OF STRAIN DURING CONSTRUCTION AND 
RELAXATION STRAINS 


Mechanical 

Side of gage, 2'/2in. SR-4 

Gage no. plate gage length rosette 

Relaxation strain measured 1foreand Top — 160 — 180 
in deck plate Hull No. 732 aft Bottom — 100 — 50 
, Average — 130 — 115 
Relaxation strain measured lathwart- Top — 100 — 70 
in deck plate Hull No. 732 ship Bottom — 75 — 55 
Average — 87 — 63 

Relaxation strain measured 2 fore and Top — 300 — 270 
in deck plate Hull No. 732 aft Bottom 100 55 
Average — 100 108 

Relaxation strain measured 2athwart- Top — 300 — 250 
in deck plate Hull No. 732 ship Bottom 50 35 
Average — 125 — 108 
Relaxation strains along weld 1 Top 1500 1485 
in deck plates Bottom 1175 1215 
’ Average 1337 1350 


Oscillating-Piston 


Meters for Fuel 


Consumption in Aircraft 


By C. S. HAZARD,’ NEW YORK, N. Y. 


The amount of fuel remaining in the tanks of an airplane 
in flight may be determined in two ways: (a) by measuring 
the liquid levels in the tanks; or (6) by measuring the fuel 
as it is consumed and subtracting from the amount on 
board at take-off. The oscillating-piston type of displace- 
ment meter has been used successfully in the latter sys- 
tem. This paper describes two such meters, and gives 
data on the accuracy of this method of fuel measurement. 


INTRODUCTION ~ 


N URGENT problem in aircraft instrumentation is the 
apparently simple one of telling the pilot how much fuel 
is left in his tanks, since that determines how much longer 

he can remain aloft. The problem has become more urgent with 
the advent of jet propulsion, because of the comparatively high 
rate of fuel consumption in this type of power plant. 

For many years pilots have relied principally on float-operated 
liquid-level gages installed in the fuel tanks. The limitations of 
this type of gage were recently summarized by A. J. Snyder (1).? 
He reached the conclusion that, unless the accuracy of this 
method could be greatly. increased, the commercial airlines would 
be forced to revert to the laborious method of computing the fuel 
consumed from periodic readings of the rate-of-flow meter. 

Since the early days of the war, several instrument manufac- 
turers, in order to overcome the mechanical difficulties of the 
float-type gage, have been developing tank gages which depend 
upon the difference in electrical capacitance between air and 
gasoline (2, 3, 4, 5). These gages respond to the change in ca- 
pacity of a two-plate condenser suspended in the fuel tank. While 
this system eliminates all moving parts from the tank, and has 
the valuable feature of measuring mass instead of volume, it is 
still subject to the following limitations: 


1 The depth of the liquid in the wing tank of an airplane is 
small compared to the horizontal cross-sectional area of the tank, 
so that a slight change in liquid level corresponds to a relatively 
large change in volume. This severely limits the accuracy of 
measurement. 

2 The gallonage corresponding to a particular liquid level 
may vary with the flight attitude of the airplane. 

3 The capacity of a fuel cell may be altered by temporary 
displacement of the walls of the cell. 

4 When a large number of wing fuel cells are used, each re- 
quiring its own gage, the installation becomes complicated. 


Another solution, along the lines proposed by Snyder (1), is 
described by D. W. Moore (6). He accurately measures the rate 


1 Director of Research, Neptune Meter Company; formerly Com- 
mander, S (A), USNR. Mem. ASME, 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the ASME Research Committee on Fluid Meters 
and presented at the Annual Meeting, Atlantic City, N. J., Decem- 
ber 1-5, 1947, of Tap American SOcIErTy OF MeEcHANICAL ENGINEERS. 

-Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—-A-54. 
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of fuel consumption, and then integrates this rate electronically 
to determine the total consumption. 

Working on this problem in 1937, the engineers of a major air- 
line reasoned that the best way to measure volume would be to 
use a volumetric meter, rather than to integrate the readings of a 
rate meter. In addition to using reciprocating-piston meters in 
regular service, they installed an oscillating-piston meter in the 
engine fuel line on one of their transoceanic flying boats, and ran 
extensive flight tests. The readings of this instrument proved 
considerably more accurate and reliable than their tank gages. 
On the basis of these and other tests, a meter of this type was 
developed during the war for the U. S. Army Air Forces. Two 
versions of this meter have been cleared for publication by the 
Air Materiel Command. 


DESCRIPTION OF INSTRUMENT 


Fig. 1 shows a cutaway view of the AAF Class 30 fuel flow- 
meter, which is standard equipment on one of our jet-powered 
fighters. Plan views of the measuring chamber, showing the 
operation of the piston, are given in Fig. 2. With the piston in 
the position shown in Fig. 2(a), liquid enters the space 2 through 
the inlet port 1, and leaves the space 6 through the outlet 
port 5, moving the piston 3 progressively through the positions 
shown in Fig. 2(b, c, d), and back to that shown in Fig. 2(a). 
A similar cycle occurs in the inner chamber formed between the 
piston and the center ring. 

The piston is guided in its motion by contact of its spindle 7 
with the center roller 8, which holds the piston continuously in 
contact with both the inner and outer walls of the chamber. 
The radial clearance between piston and cylinder wall is closely 
held at 0.0015 in., which allows for capillary seal. Vertical 


‘clearance is 0.0020 in., which allows for two capillary seals, one 


above and one below. The result is a true piston action. 

The measuring element drives the transmitting cam through 
reduction gearing. This cam closes a switch once for each gallon, 
actuating a three-digit solenoid counter on the instrument panel. 
A knurled wheel is provided on the counter for setting the reading 
manually to the gallons on hand at take-off. Each impulse from 
the meter subtracts 1 gal from the reading of the counter and thus 
shows at all times the gallons remaining. The counter is wound 
for 24 volts direct current. 

The Class 30 fuel flowmeter has a maximum operating pressure 
of 35 psi, and is installed on the low-pressure side of the fuel sys- 
tem. The meter weighs 6.06 lb, the counter 0.48 lb. 

Fig, 3 shows another meter of the same type, the AAF type H-1. 
This meter is designed for operation on the high-pressure side of 
the fuel system, at a maximum working pressure of 600 psi, and 
weighs 13.6 lb. The packed stuffing-box which was satisfactory 
for the low-pressure meter, is impractical at high pressure, and 
the magnetic clutch, shown in Figs. 3 and 4, accordingly is used. 
It consists of a pair of 6-pole rotating permanent magnets, of 
Alnico No. 2, separated by a bronze shell 0.051 in. thick, which 
retains the liquid pressure. The pull-out torque of this clutch is 
6.5 in.-oz, which is about 5 times the maximum torque imposed 
by the transmitting cam. ° 

In order to insure a supply of fuel to the engine, even if the 
measuring unit should jam, there is a spring-loaded by-pass valve 
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between the inlet and the outlet of the meter. 
ing unit contains but a single piston, without packing, the pres- 
sure difference from inlet to outlet can be predicted accurately 
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for any maximum rate of flow. This makes it possible to set the 
by-pass valve to relieve at a few pounds above this maximum, 
without by-passing any portion of the fuel during normal run- 
ning. This pressure relationship is shown in Fig. 5. As a result 
of the low by-passing pressure, the drop in fuel pressure, whether 
under normal or by-passing conditions, has a negligible effect 
upon the operation of the power plant. 

The measuring unit used in the meters described is similar to 
that used in service-station gasoline pumps, and has a displace- 
ment of 5.3 cu in. per cycle. Since this displacement cannot be 
altered in service, the gear ratio between the chamber and the 
transmitting cam is varied, in order to adjust the meter. This is 
done by replacing the change gears, shown in Figs. 1 and 3, which 
are available in steps of 0.25 per cent. 


ACCURACY 


These meters are suitable for rates of flow between 20 and 1200 


gph. Within this range, the meter will register the volumetric 
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throughput within a tolerance of +0.2 per cent although the 
tolerance guaranteed is +1 per cent under normal temperatures 
and pressures. This wider limit makes allowance for the following 
factors: 


1 The difference in viscosity between the regular jet fuel (kero- 
sene) and gasoline, either of which may be used in jet power 
plants. The meter will register about 0.2 per cent higher with 
kerosene than with gasoline. This is due to better capillary seal, 
and to reduction in the net volume of the measuring chamber by 
greater adhesion of the liquid to the walls. 

2 Changes in viscosity of the fuel due to temperature changes, 
producing an effect similar to the foregoing. 

3 Compressibility of the liquid. As shown in (7), a change in 
pressure of 100 psi will change the volume of gasoline 0.1 per 
cent. ; 

4 The increments of adjustment of the calibrating means. 

5 Residual errors in calibration. 


The difficulties encountered in proving displacement meters to 
such close tolerances have been well analyzed by Jacobson (8), 
and by the ASME Fluid Meters Committee (9). In the present 


-case, since the counter reads only to the nearest gallon, its read- ° 


ings are not a practical means for proving the meter. Instead, a 
removable pointer is installed on the cam spindle when proving. 
In other respects the proving procedure follows API-ASME 
Code 1101 (7). 

The meter will operate at temperatures between 130 F and 
minus 60 F, indicating the volume at operating temperature. 
Flight experience so far has not shown a need for correcting the 
meter readings automatically for changes in volume of the fuel 
resulting from changes in its temperature during flight. These 
changes occur slowly, even in wing tanks, and are retarded by 
self-sealing liners. At worst, a change of 50 F in fuel tempera- 
ture during flight would represent an average change of 25 F 
in the fuel as consumed, or an error of less than 2 per cent in the 
total. Errors due to extreme vibration, or to meter position, or to 
sudden accelerations of the flow are negligible, since the metering 
piston can move only as the liquid moves. nats 

A peculiar effect was discovered when a rate-of-flow indicator 
was applied to this meter. If the metal in the piston and the 
diaphragm could be of zero thickness, it is easy to demonstrate 
that the center of the piston would travel at a constant angular 
rate, for a constant rate of liquid flow. The actual thicknegs of 
these parts causes a slight cyclic variation in this relationship 
during each cycle of the piston. This has no detectable effect on 
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the accuracy of measurement of the meter, being absorbed in the 
44:1 gear reduction; but it was found to produce a vibration of 
the pointer on a sensitive rate indicator. Fortunately, this can 
be corrected completely by the introduction of a compensating 
eccentricity in the connection between the piston and the gear 
train, resulting in an exactly linear relationship between liquid 
movement and piston displacement. 

It is of course quite true that this method of measurement 
does not take account of fuel lost by leakage. It is also a fact 


. that opérating personnel would prefer to know their fuel con- 


sumption in mass units, rather than in volume units, since 
engine thrust is more nearly proportional to the mass of fuel 
consumed. Nevertheless, against the sniall errors arising from 
the use of volumetric readings must be balanced ‘the simplicity, 
reliability, and lightweight of the oscillating-piston meter. 
CONCLUSION i 

The oscillating-piston displacement meter has proved accurate 
and dependable for the volumetric measurement of fuel consumed 
by an aircraft in flight, and hence for the determination of fuel 
remaining. 
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Discussion 


R. A. Brown.’ Without question, there is a need for a rate 
meter, whether of the integrating or instantaneous type, to 
measure the fuel consumption in aircraft. It is the writer’s opin-. 
ion, however, that such devices, although adding new informa- 
tion, cannot be thought of as eliminating the need for the mass 
measurement of available fuel. The following observations are 
presented for the author’s consideration. 


1 The designing engineers anticipate, in the case of certain 
ultra-high-speed jet aircraft, that from 10 to 15 per cent of the 
available fuel will be boiled out of the tanks during the initial 
climb and will be lost overboard through the vent lines. Because 


3 Aeronautical Division, Minneapolis-Honeywell Regulator Com- 
pany, Washington, D.C. 
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of the possibility of this eventuality, operating personnel will be 
doubly anxious to have available an accurate measurement of the 
remaining fuel. 

2 Because fuel consumption for a given set of power condi- 
tions is a function of the mass of fuel rather than of the volume 
of fuel, future flying under extreme hot or cold conditions will 
make it more than ever necessary that a knowledge be available 
of the remaining fuel rather than a volumetric portrayal of that 
already used. 

3 The observation that because the depth of the liquid in 
the wing tanks of an airplane is sometimes small compared to the 
horizontal cross-sectional area, the accuracy of measurement. is 
limited, does not neéessarily conclude that the accuracy is 
thus limited beyond that needed for this application. In a certain 
type of capacitance device, it is possible to represent an 8-in. 
depth of-fuel on a 2%/,-in. dial in 300 deg with a laboratory accu- 
racy on the order of 0.14 per cent. The use of multiple sensing 
elements will of course reduce in direct proportion the maxi- 
mum depth necessary to produce complete dial rotation. 

4 It should also be pointed out that the use of capacitance 
measuring devices provides considerable flexibility of installation, 
for which reason the sensing elements can be located in the center 
of rotation of the fuel. This either eliminates, or greatly re- 
duces, the error of indication resulting from variations of flight 
attitude of the aircraft. 


R. G. JEweuu.t The flowmeter described in this paper is 
similar to one in the development of which the writer participated 
between 1941 and 1943. This development was continued to the 
point of building and testing samples. A view of one of the 
samples with cover removed is shown in Fig. 6 of this comment. 

It is interesting to note the similarity of the performance of the 
two designs with respect to pressure drop and accuracy. The 


4 General Electric Company, Lynn, Mass. 


Fic. 6 FLOwMETER WiTH Cover REMOVED 
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pressure drop in the sample design illustrated in Fig. 6 is shown 
in Fig. 7. This was taken with gasoline and shows a pressure 
drop of 1 psi at 5 gpm compared to 0.7 for the same rate of flow 
given in Fig. 5 of the paper, which data were taken with kerosene. 

The accuracy of the sample illustrated is shown in Fig. 8 of 


this discussion at room temperature, and at high and low tem- 
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perature. The accuracy falls off at low rates of flow because of a 
higher percentage of leakage. The accuracy which the author 
gives is +0.2 per cent with a guaranteed accuracy of +1 per cent 
at normal temperature and pressure, and this is on the same 
order of magnitude as found in our work. 

The 0.0015-in. radial and 0.002-in. axial clearances which the 
author quotes are similar to those which our investigation showed 
to be necessary. This requirement presents two disadvantages, 
namely, difficulties in manufacturing and possible jamming due to 


dirt when in service. 


The manufacturing difficulty is in maintaining the clearances 


specified. Each individual part involved must be machined to a 
0.0005-in. tolerance, and while this can be done, it adds much to 


the cost. 

Jamming due to dirt is the main difficulty with this type of 
meter. The close clearances used cause the meter to jam even 
with comparatively small particles of dirt which are encountered 
in fuel systems. It was found necessary to use a 100-mesh screen 
at the inlet to the flowmeter to overcome this difficulty. This 
screen must have a large area to avoid an excessive pressure 
drop, and should be located so that the by-pass valve will shunt 
the fuel around both the screen and meter. In contrast to the 
by-pass valve shown in Fig. 3 of the paper, this valve should be 
snap-acting, and once opened should remain open, definitely stop- 
ping the meter until it can be serviced, thereby avoiding the pos- 
ayia of erroneous readings due to partial by-passing of the 
uel. 

The rate-of-flow indicator, described in a paper by Mr. Ballard,® 
was applied to this meter, and pulsation of the rate pointer was 
experienced as stated by the author. An eccentric coupling was 
also used and, while this compensated for most of the pulsation, 
it was necessary to increase the damping in the indicator to give 


5 “Electrical System for Aircraft Flowmeters,” by R. G. Ballard; 
presented at the Annual Meeting, Atlantic City, N. J., December 


1-5, 1947, of Tue American Society or MecHa 
i NICAL > 
Paper No. 47—A-67. AL ENGINEERS 
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a steady reading. With this modification, the metering system 
performed satisfactorily. 


AuTHOR’s CLosuURE 


The data submitted by both Mr. Brown and Mr. Jewell are 
valuable additions to the published data on this subject. 
The author was especially interested to learn of the oscillating- 


‘piston meter developed by Mr. Jewell’s company. The manv-’ 


facturing difficulties in mass-producing a unit requiring such 
close clearances are considerable, as Mr. Jewell points out. 
Nevertheless, measuring units of this type have been manufac- 
tured commercially by the author’s company for 18 years, in 
capacities ranging from 15 to 600 gpm. This type of measuring 
unit is used for refined petroleum products at loading terminals, 
on tank trucks, and in retail gasoline pumps. Other types of 
_positive-displacement meter, requiring similar close clearances, 
are also in widespread commercial use, and have been used in 
aircraft. 
In all ground installations, as well.as in airplanes, the meter 
is protected by a strainer of 80 to 100 mesh, as was found neces- 
sary by Mr. Jewell. 
tion for units downstream from the meter, such as valves, regu- 
lators, or nozzles. Apparently, the meter described by Mr. 
Jewell gave satisfactory results when so protected. 


HAZARD—OSCILLATING-PISTON METERS FOR FUEL CONSUMPTION IN AIRCRAFT 


Such a strainer provides additional protec- 
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After this paper had gone to the printer, an article’ appeared 
describing an aircraft fuel meter developed in England. This 
meter is of the oscillating-piston type with a manually operated 
by-pass valve and a solenoid counter, reading in gallons and 
tenths. The unit is strikingly similar to the meters described in 
this paper, with the addition of a built-in strainer of 120 mesh. 
The article states that this meter ‘was used in large numbers 
during the war in aircraft of all commands.” 

With regard to the points raised by Mr. Brown, the advantages 
of gravimetric measurement of fuel are given in detail in a re- 
cent article by J. A. Townsend.” 

It is the author’s personal opinion that the various methods 
of fuel measurement herein discussed supplement and verify 
each other; and that it has not yet been finally established 
whether the electrostatic tank gage, the widely used vane type 
rate-of-flow meter, the positive-displacement meter, or some 
combination of these instruments should be carried by a given 
type of airplane. 


6 “Keeping an Eye cu the Fuel,” The Aeroplane, London, England, 
vol. 73, August 15, 1947, p. 202. 

7 “Adoption of Gravimetric Fuel Quantity Gauges and Fuel Flow- 
meters for Aircraft,’ J. A. Townsend, U.S. Air Force, Air Technical 
Intelligence, Technical Data Digest, vol. 12, no. 7, October 1, 1947,. 
pp. 7-12. 
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High-Temperature Performance of Silicone 
Fluids in Journal Bearings 


By J. E. BROPHY,? J. LARSON,? anv R. O. MILITZ! 


This investigation covers the use of the dimethyl 
silicone polymer fluids and methyl phenyl copolymers at 
elevated temperatures. A specially designed small- 
bearing machine was used at bearing temperatures of 325 
F to 500 F and at ambient or plate temperatures as high 
as 650 F. Hard chromium-plated journals were used in 
conjunction with bearings of 89 per cent copper, 4 per cent 
tin and 4 per cent lead, and 3 per cent zinc alloy. Loads 
up to 8500 psi were carried at 425 to 500 F, and loads up to 
13,000 psi at 180 to 200 F, using the dimethy] silicone fluid. 
Comparisons are made of the lubricating characteristics 
of the two classes of silicone fluids investigated. For 
satisfactory operation, either a long break-in or a silicone 
pretreatment of the bearings is desirable. Data on safe 
operating temperatures and rates of increase of viscosity 
are presented. 


INTRODUCTION 


HIS investigation is part of a larger program on the lubri- 

cating properties of silicones undertaken by the Naval 

Research Laboratory at the request of the Bureau of Ships. 
As previous experience was concerned with the dimethyl silicone 
fluids, this investigation of high-temperature lubrication com- 
menced using the dimethyl] fluid. Since the methyl phenyl! co- 
polymers exhibited better stability in oxidation tests at elevated 
temperatures, the commercial fluid, DC 710, was also used in this 
investigation. 

The dimethyl and methyl pheny]! silicone fluids are included 
among the various silicones manufactured by both the Dow 
Corning Corporation and the General Electric Company and are 
commercially available under each supplier’s trade name. At 
the start of this investigation only one manufacturer was in com- 
mercial production and able to supply large enough quantities of 
the desired fluids; hence all data given here relate to several 
large batches of well-reproduced fluids made by the Dow Corning 
Corporation. The dimethy] silicone fluid was stripped of vola- 
tiles and identified as Dow Corning fluid, DC 500, batch 369-62- 
69. The methyl pheny] silicone fluid was not stripped of vola- 
tiles and was identified as Dow Corning fluid, DC 710, batch 
406-1-118. The viscosity-temperature characteristics of these 
fluids are summarized in Table 1. 

Earlier reports from the manufacturers of the remarkable vis- 
cosity-temperature properties of the silicone fluids are well 
confirmed. A recent investigation by this laboratory of the high- 
temperature viscometric properties of the silicones had its origin 
in present interest in these fluids as high-temperature journal 


1 Opinions or assertions contained in this paper are the authors’ 
and are not to be construed as official or reflecting the views of the 
Navy Department. / 

2 Mechanical Engirieer, Lubrication Section, 

, Washington, D. C. 
mek eek hou. Lubrication Section, Naval Research Labo- 
SL Mohaiibel Engineer, R. T. French Company, Rochester, N. Y. 

Contributed by the Research Committee on Lubrication and pre- 
sented at the Annual Meeting, Atlantic City, N. J., December 1-5, 
1947, of Tur AMERICAN SOCIBTY OF MeEcHANICAL ENGINEERS. 
_ Paper No. 47—A-114. 
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TABLE 1 VISCOSITY-TEMPERATURE CHARACTERISTICS OF 


SILICONE FLUIDS USED 


-—-Kinematic viscosity, centistokes?—~ 
DC 500 D 
dimethyl] fluid 


0 
Temperature, deg F methyl phenyl fluid 


500 6.5 3.2 
400 10.2 5.2 
300 17.3 9.9 
210 29.8 21.9 
130 55.6 68.6 
100 73.5 131.0 
0 275.0 20400 
= 390.0 ofa 
—40 600.0 


_% The data at temperatures above 210 F are results of another investiga- 
tion (6) to be reported later. 


lubricants. The early and widespread belief that the silicones 
are poor lubricants is gradually being qualified as more informa- 
tion on their properties becomes available. This laboratory’s 
initial work (1)° on journal bearings, followed by an investigation 
of various metal systems in silicones (2), have revealed new pos- 
sibilities for them as lubricants in journal bearings. 

It was also shown (1) that all the common nonferrous bearings 
were satisfactory when used with ground chromium-plated 
shafts. Hven exercising the greatest possible care, the load- 
carrying capacity of steel on steel, or steel on cast iron, was very 
low in comparison with the nonferrous bearings. The necessary 
break-in was performed by either slowly increasing the load on 
the bearing during the run-in period or by suitable pretreatment 
of the bearings. Each method yielded satisfactory results, but 
the pretreating method greatly shortened the run-in period. 

Tests with hydraulic pumps revealed that the Vickers piston 
pumps required a very small change to render satisfactory service 
with the silicone fluid. This change (replacement of steel knuckles 
in the universal joint with bronze knuckles) was necessary to 
avoid the action of the steel knuckles sliding on a steel seat. 
Similarly, Pesco gear pumps failed rapidly when the bronze 
bushings were replaced with cast-iron bushings. . The pretreat- 
ment or lacquering process developed (1) formed a very thin 
organic silicon-containing: film on the treated surface. This was 
accomplished by immersing the surface in a bath of dimethyl 
silicone fluid maintained at 300 F or higher. The duration of this 
treatment was dependent upon the temperature; however, 500 
F for 24 hr was sufficient to produce the desired film on all the 
copper-base alloys tried. , Such a film permitted a load to be placed 
on a new bearing almost immediately after starting the machine. 
The break-in time for a bearing could be reduced from a period 
of 16 hr as low as a few seconds. Two hours were usually de- 
voted to the break-in when possible. 


EXPERIMENTAL MB§THODS 


A modification of the bearing machines used in the previous 
work (1) was made for this study. The principal changes were 
the addition of heating elements above the support bearing, the 
relocation of the drive unit, and the necessary remounting. 
Thus the physical appearance of the machine differs from that 
of the preceding machine, but the essential features have been 
unchanged. Two of these machines were built. In Fig. 1 the 
bearing machine is shown completely assembled and loaded. 


5 Numbers in parenthesés refer to the Bibliography at the end 
of the paper. 
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B = Test-bearing holder .M = Gear pump 

J = Drive motor * N = Filter ; 

K = Drain pan O = Loading weight 
L = Sump 


Fie. 1 HigH-TemMpreratTurRE Bearing MacuHine, ASSEMBLED 


A = Support bearing block E = Thrust collar 3 
B = Test-bearing holder F, G = Fluid supply to bearings 

C = Journal H = Thermocouple hole 

D = Flinger 


Fic. 2 Trst-BeEarRING CoMPoNENTS 


Fig. 2 shows the components of the test-bearing assembly. Fig. 3 
is an assembly drawing of the machine. 

Available Pesco 1P-349 gear pumps were used to supply the 
bearings with fluid. A small reservoir was mounted directly over 
the gear pump, while the output of this pump was reduced by 
driving it with a 36-rpm motor. ° 

The low surface tension of the DC 500 fluid, ca 20 dynes per 


em, and its remarkable creeping tendencies caused leakage 
difficulties. The solution was found in the proper shape for the 
flinger guarding the opening in the drip pan. 

To heat the system, a pair of concentric circular heating ele- 
ments were mounted above the support bearing and test bearing. 
The test-bearing temperature was measured at the outer sur- 
face of the bearing through the bottom of the test-bearing holder. 


BROPHY, LARSON, MILITZ—HIGH-TEMPERATURE PERFORMANCE OF SILICONE FLUIDS 
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Fic. 3 AssemBiy Drawine or Bearing MACHINE 


Temperatures were recorded continuously on a Tagliabue 
Celectray, a Leeds and Northrup Micromax, or a Brown elec- 
tronic potentiometer, all of 0 to 800 F range. The Tagliabue 
instrument was a multiple-point recorder; the other instru- 
ments were single-point recorders. With the single-point re- 
corder it was possible to follow the bearing-temperature changes 
more closely than with the multiple-point recorder. Incipient 
seizure was easily noted with the potentiometer as shown in Fig. 4. 


DEGREES FAHRENHEIT FINAL SEI 
100 690 
INCIPIENT _SE!ZURE 


INCIPIENT SEIZURE 
Aree 


INCIPIENT SEIZURE 


INCIPIENT SEIZURE 


a 
INCIPIENT SEIZURE 


DEGREES FAHRENHE! Ae 
100 200 


Fic. 4. Errects or INCIPIENT SEIZURES ON BEARING TEMPERATURE 


Another recording potentiometer noted the temperature of the 
plate at the point where contact was made with the support 
bearing block. This “‘plate’’ temperature corresponded to the 
hottest part of the system. Inasmuch as the fluid came in con- 
tact with the plate, its temperature had an effect on the resulting 
viscosity of the fluid. 

The drive motors on the two test machines were calibrated 
using a blocked-rotor test to determine the motor losses at varying 
loads. A polyphase wattmeter placed to read the input to the 


motor then was used to read the power demanded by the bear- 
ings. This arrangement was very sensitive to changes in the 
coefficient of friction in the bearing. Incipient seizures were 
easily noted and could be detected 2 or 3 sec before they were 
visible on the recording potentiometers. 

Plain bearings having a wall thickness of '/3: in. were used in 
allruns. A bore of 0.687 in. and an L/D ratio of 0.73 were used. 
The diametral clearance (bore diameter minus journal diameter) 
was 0.0010 in. + 0.0001 in. at 68 F. 

Thin-wall bearings were pressed into the test-bearing holder 
and support block. The bearings were finish-bored in a lathe, 
using the special fixture previously described (1). This fixture 
was built to insure bearings that would be reproducible in size 
and finish. The analysis of the bearing used is as follows: Cu 
88.92 per cent, Pb 3.79 per cent, Sn 4.01 per cent, Zn 3.28 per 
cent, Sb less than 0.01 per cent, Fe less than 0.01 per cent. 
Bearings of this composition were used as they had been success- 
ful in previous work (1), were readily obtainable from Delco, 
and easily finished. The journals were made of hard chrome- 
plated high-carbon steel since the conventional hardened journals 
were annealed slowly at the elevated operating temperatures. 

The finish of the bearings and shafts was determined with a 
Brush analyzer, using a PA-2 pick-up. The finish was measured 
on the chrome-plated shafts before running and after running. 
The bearings were checked after boring, after treating with sili- 
cone fluid, and after running. Thus the visual examination of 
the oscillograph record from the surface analyzer and a micro- 
scopic examination could be carried out at the same time on any 
desired specimen. ‘‘Faxfilms’”’ were also used to examine the 
bearing and journal surfaces to supplement the Brush analyzer 
récord. 

The speed of the journal was 1780 rpm + 5 rpm, and a periph- 
eral speed of 320 fpm. The silicone fluid was fed into the bear- 
ing opposite the loaded area at 26 psi. During these experiments, 
the bearing temperatures were varied from 240 F to 505 F; the . 
sump temperatures accordingly varied from 104 F to 240 F. 

The bearings were operated at no load for 2 hr, after which a 
3000-psi load was placed on the bearing. After running the 
machine for another 2 hr, the load was increased to 6000 psi, and 
the heaters were turned on to increase the bearing temperature. 
If the bearing temperature was raised before adding the 6000-psi 
load, erratic behavior was obtained; the bearing would not 
carry the load in some instances. This condition is more fully 
described later. To provide the most favorable loading condi- 
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tions for runs with the methyl-phenyl silicone, an automatic 
ball-loading mechanism was used to increase the bearing load 
1000 psi per hr. 

Viscosity measurements were made during the runs by drawing 
a sample of the fluid from the sump, measuring the viscosity at 
100 F, and returning the sample to the sump. At the end of the 
run, the viscosity of a fluid at various temperatures (300 F, 
350 F, 400 F, 450 F) was determined (6). These data were ob- 
tained by other members of the laboratory in connection with a 
concurrent investigation of the physical properties of the various 
silicone fluids at high temperatures. 

Before each run, all parts of the test setup were washed in un- 
leaded gasoline and blown dry with air. To eliminate the lengthy 
break in time normally required for bearings lubricated with 
silicone, both the test bearing and support bearings were im- 
mersed in dimethy] silicone fluid at 300 F for 48 hr or longer (1). 
The test bearing and support bearings were drained of fluid and 
washed again in unleaded gasoline. The chromium-plated shaft 
and the bearing surfaces were wet with fluid before assembly. 


Resutts Wire Dimetuyt SILICONES 


Operation at bearing temperatures up to 505 F and ambient 
temperatures up to 685 F has been successful using a plain journal 
bearing. Runs as long as 338 hr have been made at 325-425 F 
bearing temperature. Summarized data are given in Table 2. 

The effect of the bearing temperature on the viscosity of the 
dimethyl silicone is shown in Figs. 5 to 9, inclusive. The rate 
of increase of viscosity rises immediately upon raising the bearing 
temperature. This increase may be noted in runs A and C in Fig. 
5. Inrun A the bearing temperature was increased from 325 F to 
425 F after 207 hr. In run C, the bearing temperature was in- 
creased from 325 F to 400 F after 227 hr. Run K was mdde 
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with dimethyl silicone of higher viscosity than the fluid used in » 


any other runs shown in Table 2. The viscosity was increased. 
from the original 73.5 to 86.7 centistokes by heating it in an open. 
beaker approximately 300 hr before the run. For the first 60: 
hr in the bearing, the viscosity-increase rate was approximately 
0.05 per cent per hr calculated as the ratio of the increment of 
increase to the original viscosity. 

Run M was stopped after 72.5 hr and the fluid-supply lines, 


test-bearing holder, and support-bearing block were blown free 


of accumulated gel which had been restricting the passage of the 
silicone to the bearings. The effect may be noted in Fig. 8 by the 
rise in the rate of increase. As the supply pressure was constant, 
the amount of fluid feeding the bearings was increased by freeing: 
the lines of gel. An inerease in the plate temperature (from 
570 F to 630 F) was then necessary to maintain the test-bearing 


temperature at 420 F. The higher plate temperature then caused — 


a further permanent increase in the viscosity owing to oxidation. 
It is to be noted that both sections of run M can be superimposed 
on the second section of run A (plate temperature, 425 F). More- 
over the rate of increase of viscosity for both sections of run M 
was approximately 0.11 per cent per hr. The rate of increase 


a ed 


_ 


at the same temperature in run A was approximately 0.11 per — 


cent per hr. The influence of the plate temperature on runs may 
be noted in Figs. 5 to 7, inclusive. Runs A and C had the same. 
bearing temperature but the plate temperature was higher for 


run A. Therefore the resulting viscosity of the fluid was also — 


higher. The same effect may be seen by comparing run D with 


runs E and F (Fig. 6), and G with H (Fig. 7). Hence among the — 


factors influencing the increase of the viscosity of silicone fluid in 
a bearing are the increase of the ambient or plate temperature 
and the bearing temperature, as well as the decrease of the rate: 
of flow through the bearing. 


TABLE 2 RESULTS OF JOURNAL-BEARING TESTS USING DIMETHYL SILICONE FLUID 


mate viscosity increase rate given for first 60 hr. 

@ Run stopped after 72.5 hr and system blown clean. 

© No break-in, no treatment on bearings. 

f Lower viscosity dimethy] fluid (51.9 centistokes at 1 
g h Journal speed (640 rpm). 

7 Runs 1-22 inclusive were short runs to observe load- 


Approx. viscosity 
increase, calc. 


: Bear- Changein as per cent of 
Bearing Plate Sump ing viscosity original Duration 
temp, temp, temp, load, inentirerun, viscosity ZN of run, 
Run deg F deg F deg F psi per cent per hr 1p PV hr 
Ae 325/425 4307530 3000 31 0.02/0.1 1053/6%3 16000 336 
Bob 350 470 3000 10 0.03 9.1 16000 226 
Cc 325/400 355/500 3000 20 0.01/0.11 10.4/7.1 16000 356 
D 375 460 to 525 3000 16 0.04 8.1 16000 258 
E 375 400 3000 10 0.02 8.1 16000 301 
F 375 400 3000 6 0.02 8.1 16000 194 
G 400 645 3000 24 0.1 fash 16000 214 
H 400 470 3000 11 0.07 v gee | 16000 141 
J 420 620 3000 126 0.8 6.4 16000 112 
Ke 425 545 3000 65 0.5 6.3 16000 136 
L 420 650 6000 61 0.5 3.2 32000 123 
M¢a 420 570/630 3000 34 0.11/0.11 6.4 16000 150 
ye 220 Saye 210 500 117 2600 10 
2 460 550 116 2270 Goal 12000 9 
3 260 Sais ixsee 3000 15.0 16000 21 
4 420 670 220 ~- 3000 7.2 16000 60 
5 240 ante 165 6000 8.6 32000 6 
6 300 390 apr 6000 6.0 32000 60 
a 375 580 240 6000 4.0 32000 56 
8 410 524 220 6000 3.4 32000 9 
9 413 538 180 6000 3.3 32000 6 
10 425 450 102 6000 337 32000 12 
il 430 575 113-177 6000 Sick 32000 44 
12 440 450 116 6000 2.9 « 32000 36 
13 455 530 130 6000 2.8 32000 29 
14 475 580 104-170 6000 2.5 32000 38 
15 500 660 180-240 6000 2.3 32000 27 
16 505 650 211-223 6000 2.2 32000- 32 
17 445 620 oes 8480 2.0 44000 15 
18 165 Fac 124 8100 10.9 42000 
19 146 9720 10.6 51900 at 
A 20 145 20 9740 10.6 50000 

219 178 20 10650 7.4 55000 
22h7 207 ae 122 13610 4.7 70000 

* Bearing temperature increased from 325 F to 425 F after 207 hr. 

> Bearing temperature increased from 325 F to 400 F after 227 hr. 

¢ Initial viscosity of fluid increased from 73.5 to 86.7 centistokes by heating and stripping. Approxi-~ 


00 F). 


carrying capacity. 


p> (Viscosity in centipoises) (rpm of journal) /(load in psi). 


PV (Load in psi) (peripherol velocity of journal in 


fps). 
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40 6 120 160 200 240 280 320 360 
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Average plate temperature of A-430 F—530 F 
Average plate temperature of B-470 F 
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Fic. 5 Errect or CHancinc Bearing TEMPERATURE Durinc Run 
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Fig. 7 Errect or VARYING PLaTEe TEMPERATURE 


A bearing temperature near 400 F permits operation with a 
viscosity-increase rate of approximately 0.07 to 0.10 per cent per 
hr. In the apparatus used, a further increase in the bearing tem- 
perature to 425 F caused such a high viscosity-increase rate 
(0.5 to 0.8 per cent per hr) that the life of the fluid was con- 
siderably shortened. Thus the viscosity changes noted in the 
bearing machine are explainable by known chemical oxidation re- 
sults (3, 4). 

The duration of a run could be increased by stopping the ma- 
chine and cleaning all supply lines which had become heated by 
proximity to the bearing. The time to clean the supply lines was 
indicated by a rise in pressure of the fluid being supplied to the 
test bearing. At 400 F bearing temperature and a plate tem- 
perature of 550 to 600 F, the lines were cleaned after approxi- 
mately 90 hr of operation. The initial increase in viscosity was 
accompanied by a decrease of the volume of the fluid in the 
system and was largely due to the removal of the volatile 
initially present in the silicone fluid. After this initial loss of 
volatiles, the viscosity increase was low and almost linear. 

In all runs except No. 1, the bearings were treated prior to use. 
Satisfactory operation could be achieved without pretreating 
the bearings, but the break-in time was increased from 2 hr to 16 
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Fig. 6 Errecr or VaryYInG PLrate TEMPERATURE 
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VISCOSITY (AT 100°F) IN CENTISTOKES 
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Fic. 9 Errect or BEARING TEMPERATURE AND TIME ON VISCOSITY 
or DIMETHYL SILICONE 


hr at bearing temperatures of approximately 400 F. The pre-. 
treatment produced a surface similar to the surface formed on the 
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bearing by a long break-in. Without the long break-in or a 
treatment, the bearings seized at a load of 500 psi. This fact was 
observed in run No. 1; previous data (1) demonstrate similar 
occurrences at lower temperatures (150 F to 180 F). At both 
low and high temperatures, the formation of a film on the bearing 
surface appears necessary for optimum load-carrying capacity. 

A bearing which has failed by seizure could be reclaimed by 
treating it as if it were new, provided the surface had not been 
badly scored or grooved. It was necessary that the shaft be 
free of bearing metal. With these conditions the seized bearing 
was washed and heated in silicone fluid until a new film was 
formed on the surface. The bearing could then be placed in the 
machine again and the load increased as with a new bearing. The 
method of loading a bearing at high loads had a pronounced 
effect on the length of the run or the life of the bearing. If the 
bearing was heated before the load was applied, the run was 
often of short duration (see runs Nos. 2, 9, and 10). However, 
if the load was applied before the bearing was heated, results 
were much more reproducible (see runs Nos. 12, 138, 14, 15, and 
16). 

No deposits, such as produced by petroleum oils, were found in 
any runs. For those where the surface of the bearing was worn 
prior to: seizure, a brownish-green residue was found on the 
flingers and sides of the test bearing. Continued operation at 
bearing temperatures of 425 F or above resulted in gel being 
formed where the fluid passed slowly over the heated surfaces. 

Stalactites and stalagmites of gel were formed on the plate and 
the drain pan. These formations ranged from colorless to opaque 
white and from a soft gel at the tip to a crystalline material at 
the base. These products are similar in appearance to those 
formed by continued heating of the dimethy] silicone in an open 
beaker or in an oxidation cell (3). After operation, the dimethyl 
fluid changed from the original water-white liquid to one faintly 
tinged with yellow. No change in the ASTM viscosity-tempera- 
ture slope was noted after running. No precipitate was visible 
aiter 48 hr storage at 0 F. At —40 F the fluid was slightly 
cloudy. 


Resttts With Meruyt PHenyt Siuiconss (DC 710) 


Using the DC 710 fluid at low temperatures of from 150 to 
220 F, relatively low values were found for the load-carrying 
capacity with a short break-in. A similar condition was en- 
countered at a temperature of 400 F. Treatment of the bearing 
at 150 C for 72 hr before a run with the dimethyl] fluid was of 
little value. A similar treatment even up to 300 hr with the 
methyl phenyl silicone was also unsatisfactory.. No successful 
treatment for bearings in DC 710 has yet been worked ‘out. 
Operation with the methyl phenyl fluid in a system which had 
previously contained a dimethy! silicone resulted in an emulsion 
of the two fluids. Such operation was always accompanied by 
rapid failure. The bearing would not carry a load of 500 psi. 
Therefore runs with the methyl phenyl silicone were made in a 
machine, all replaceable parts of which had been renewed. All 
other parts had been boiled in a saturated alcohol solution of 
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potassium hydroxide or had been refinished by a surface grinder. 

It has been noted that the dimethyl and methyl phenyl sili- 
cones did not form solutions with each other but formed two 
lavers which became emulsions on stirring. These emulsions 
were difficult to break. No separation was noted on standing 
for several months and centrifuging for 4 hr at approximately 
200 g¢ was unsuccessful. 

Summarized data on the runs with the methyl pheny] silicone 
fluid are presented in Table 3. The data in the last column show 
the low values of the load at incipient seizures. These are seizures 
which are made evident by a sudden but transient rise of the 
torque and of the bearing temperature. A comparison of in- 
cipient-seizure loads is considered more valuable than the relative 
values of the firlal seizure loads. Incipient seizures were recorded 
at loads as low as 1440 psi in run No. 27. Run No. 26 checked 
this with incipient seizures beginning at 1960 psi. However, the 
bearings used in run No. 27 were pretreated and recovered from 
several successive incipient seizures before finally failing at 
4940 psi. Run No. 26 was not pretreated and failed at 2380 psi. 
Run No. 29 was given a very long break-in since an untreated 
bearing was used. The long break-in (48 hr at 500 psi and 209 
hr to get up to the peak load, 7250 psi) was helpful in starting to 
form a protective coating on the surface of the bearing. The 
bearings for runs Nos. 24 and 25 had been treated in DC 710 fluid 
for 72 hr at 150 F. Incipient seizures occurred in run No. 28 at 


ti 


§ 


| 


. 
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2950 psi, 3000 psi, and 3065 psi before finally failing at 5160 psi 


after 10.5 hr. ; 

In the longest test (rfin No. 23) lasting over 330 hr, a total in- 
crease in viscosity was found of 6 per cent. After the first 40 
hr, the rate of increase was approximately 0.02 per cent per hr 
expressed as a per cent of the original viscosity per hour. The 
comparable runs (G and H) with the dimethy] fluid reveal rates of 
increase 3 to 5 times as large. 

At the present time an extremely long break-in period (over 
200 hr) is required for the methyl phenyl fluid when used at 
temperatures near 400 F. DC 710 fluid does not have as great a 
load-carrying capacity as either DC 500 or a nonadditive petro- 
leum oil of approximately the same viscosity, Navy Symbol 3120, 
when used under the same conditions. 

No deposits, such as seen with the dimethyl] fluid, were noted in. 


operation at 400 F. The fluid at the end of a run had changed 


from the pale straw color of the original fluid to a deeper color 
tending to become reddish. No change in the ASTM viscosity- 
temperature slope was noted after running. No precipitate 
was Visible after storage at 0 F for 48 hr and at —40 F for 48 hr. 
The viscosities of DC 500 and DC 710 are approximately equal at 
155 F. The viscosities of DC 500 and NS 3120 are approximately 
the same at 135 F. The viscosities of DC 710 and NS 3120 are 
approximately equal at 240 F. 


Discussion 


A factor important in determining whether or not a bearing will 
continue to run is the method of loading the bearing. Loading 
the bearing before heating is equivalent to a gentler and more 


TABLE 3 RESULTS OF sOuRN Soe TESTS USING METHYL PHENYL SILICONE 


LUID 

Bearing 1 — t 

load at Bearing Plate Sump z Duration incipient 

seizure, temp, temp, temp ZN of run, seizure 
Run psi deg F deg F deg F P Py hr psi ; 
23¢ 500 400 425-530 oats 19.7 2600 332 on 
24 1740 400 550 158 5.6 9000 18 1040 
25 1850 405 600 210 5.1 9600 Q d 
26 2380 151 ies 92 40:0 12300 96 1960 
27 4940 217 Roe Qg1 Td 26000 195 1440 
28 5160 400 615 203 1.9 27000 10 2950 
29 7250 162 Rak 96 11.0 37000 225 4460 


2 Not a seizure load, a safe load for duration of run to observe viscosity increase. 


from 127 to 145 centistokes in 332 hr. 


Viscosity increased 


¥ 
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continuous method of loading than the sequence of heating first 
and loading afterward. This fact may be explained by: noting the 
effect of the two sequences on the friction versus ZN’/P curve 
during the period of loading the bearing. Let 


_ Z = viscosity before heating 
Z’ = viscosity after heating 
P, = initial load 

P, = final load 


N = rpm 
ay hi 
Po P, 
Then 
Increase Increase 
ZN of load ZN of temp Z'N 
li = > — 
P, P, P, 
also 
Increase Increase 
f tem ERO OAG a AeA 
ZN ° P Z'N Z'N 
py — > > s! 
ea P, Py 


However, in sequence [1]. the transition of ZN/P, to Z'N/P2 
(reduction) is very smooth and continuous as the change is due 


to the decrease in viscosity by applied heat. In sequence [2] 
the transition from Z’N/P, to Z’N/Pz is quite discontinuous and 


abrupt due to the change in load. Thus the choice of increasing 


the temperature (sequence 1) seems preferable in conditions in 
which the operation is at high loads unless the load can be 
changed (increased) uniformly and gradually. 

Journal bearings may now be operated at higher temperatures 
than has been the practice with petroleum oils. The oxidation 
stability data obtained in these journal-bearing studies using 
viscosity changes are in good general agreement with the results 
given by Murphy and Saunders (8, 4) which were based upon 
chemical research. In both investigations it has been found that 
at up to 300-375 F the fluids may be used without significant 
deterioration for long periods of time, while above 400 F the rate 
of thickening, discoloring, and precipitation of gel increased 
rapidly, indicating need for periodic inspection or cleaning. 
The change in viscosity of the fluid at a given operating tem- 
perature is practically linear after the first 3 hr when using di- 
methyl fluid, and after the first 40 hr when using the methyl 
phenyl silicone fluid. The viscosity-increase rates given can be 
only rough approximations at high temperatures. At bearing 
temperatures of 450 to 500 F in such systems, the dimethy! 
silicone fluid cannot be used for more than approximately 30 hr 


unless the lines feeding the bearings are blown free of restrictions" 


caused by the gelled oxidation products. Therefore, for con- 
tinuous hot operation over hundred of hours or more, the bear- 
ing temperature should not exceed 400 F. 

Either a long break-in period or a pretreatment of the bear- 
ings is necessary for satisfactory load-carrying capacity. 

The maximum load-carrying capacity using dimethy] silicone 
fluid is about 9700 psi at 145 F, while about 7200 psi at 200 F was 
obtained uSing methyl-pheny] silicone fluid. However, the latter 
fluid necessitated a much longer and more careful break-in than 
the former. Using a nonadditive petroleum oil with a high vis- 
cosity index (Navy Symbol 1080) the highest load-carrying ca- 
pacity obtained with the same procedure was about 2600 psi at 
143 F (1). 

The dimethy] silicone fluids have low pour points (from —65 F 
to below —100 F) in the low-viscosity grades, while the methyl- 
pheny] silicones have higher pour points (ca —5 F). However, 
the latter are the more stable to viscosity changes caused by high 
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temperature and oxidation. Both fluids are more stable than 
nonadditive petroleum oils at the same temperature. The 
ASTM viscosity-temperature slopes of the dimethy] silicone fluids 
are always less than those of methyl-pheny] silicones having the 
same viscosities at the reference temperature. Both classes of 
silicone fluids have ASTM slopes less than thuse of comparable 
petroleum oils. This permits one viscosity grade of silicone fluid 
to be used over a wider temperature range than is permissible 
with a single petroleum oil. As in the earlier investigation (1), 
the low surface tensions and creeping properties of the silicone 
fluids caused greater sealing difficulties than are encountered 
with petroleum oils. 

Published data are meager on the comparative lubricating 
characteristics of the methyl-phenyl and dimethy] silicone fluids. 
Kauppi and Pedersen (7), using a steel ball sliding on a plane, 
found much better wear preventative properties with the methyl- 
phenyl silicones. These conclusions are in apparent contradic- 
tion; however, this may be due to the considerable difference in 
the lubrication test methods involved. It may be due, in part, 
to the fact that a satisfactory method of forming a methyl-phenyl- 
silicone-lacquer film on a bearing surface has not yet been found. 

Some of the future improvements indicated in silicone-lubri- 
cated bearing systems and in silicone fluids are increased oxida- 
tion stability and the development of other and better journal 
and bearing materials for high temperatures. The differences 
between the DC 500 and DC 710 fluids suggest an intermediate 
copolymer (one with a lower ratio of phenyl groups to methyl 
groups than found in DC 710). The early difficulties encoun- 
tered (1, 2) at temperatures over 140 F in preventing leakage 
through packings became more serious at the high temperature 
used here. Necessary packings have been compounded of Hycar 
rubber with silicone fluid as a plasticizer. This packing material 
should be improved if possible for use at high temperature. At 
present a slight shrinkage occurs on prolonged contact with the 
silicones. A better pretreatment method is desirable for bearing 
surfaces to be used with the dimethy] fluids, and particularly the 
methyl-phenyl fluids. It may be possible to design totally en- 
closed systems for increased life at elevated temperatures. 
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Discussion 


C. M. Larson.® The authors are to be congratulated for the 
fine work they have done in the realm of high-temperature and 
high-pressure application of silicone fluids. This investigation 
enlarges our knowledge as to the further range of application of 
silicone fluids, and the need for pretreatment of bearing surfaces 
and the proper selection of metalworking surfaces where such 
conditions are met. 

Previously, it was stated by the manufacturers of silicone 
fluids that such fluids were only for light loads. This was probably 
due to lack of pretreatment. The differences in the two types of 
silicone fluids are very interesting. 

It is hoped that further work along lines of the authors’ in- 
vestigations will be made with silicone greases. 


D. W. James.? The use of silicone fluids in journal bearings is 
something that the industry cannot afford to overlook. Although 
at present its use appears restricted to special problems, new ap- 
plications will be found. For example, its use as a lubricant for 
high-temperature electric motors seems appropriate. 

The low rate of viscosity increase of the silicone fluids, and the 
lack of deposit formation below 400 F, especially for the methyl- 


phenyl] silicone fluid, recommend their use over mineral oils. ° 


However, these factors are not the only criteria for the selection of 
a lubricant. In most instances the pretreatment of the bearing 
material, plus handling care required for its protection would 
make the use of silicone fluids undesirable. Also, unusual care 
must be exercised to prevent leakage of the fluid in any but a 
totally enclosed mechanism. 

In the test apparatus used it should be noted that the bearing 
was as free as possible from edge loading in order to maintain a 
uniform thickness of lubricant film across the bearing. In this 
way, very low ZN /P values can be obtained. 


J. B. Brpwetu.8 The data of the paper clearly indicate the 
desirability of obtaining a film on the bearing surface before 
running at high load. The mechanism by which this film aids 
operation may well be a smoothing effect upon the bearing 
surface. The minimum oil-film thickness for the bearings used in 
these tests at ZN/P = 10isabout 50 microinches. Though no fig- 
ures of roughness were presented in the paper, the peak-to-valley 
roughness of the bearings is probably of this same order. Thus 
some metallic contact would be expected. However, if the film 
produced filled the valleys, metallic contact might be prevented 
up to considerably higher loads. 

This explanation is not complete, however, since the data of 
Table 3 show dependence of seizure load on bearing temperature. 
If the data of Table 3 are rearranged and listed in order of in- 
creasing bearing temperatures (decreasing viscosity), it will be 
noted that the corresponding values of ZN /P are then arranged 
in decreasing order with the exception of one test. Thus appar- 
ently smaller minimum film thicknesses are permissible at higher 
bearing temperatures. No explanation is advanced for this char- 


6 Sinclair Refining Company, New York, N. Y. Mem. ASME. 

7 Mechanical Engineer, Mechanical Engineering No. 4 Research 
Laboratories Division, General Motors Corporation, Detroit, Mich. 
Mem. ASME. 

8 Mechanical Engineering No. 5 Research Laboratories Division, 
General Motors Corporation, Detroit, Mich. 
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acteristic, but the effect of temperature suggests some surface 
chemical change. 

The authors’ statement that DC 710 does not have as high a— 
load capacity as nonadditive petroleum oil of the same viscosity 
should be further qualified, since it is further stated that at 200 F 
the DC 710 carried a load of 7200 psi and NS 1080 at 143 F carried 
only 2600 psi. 

Proper selection of bearing materials and finishes permits the 
use of petroleum oils at values of ZN /P as low as 2. The use of 
additives reduces deposits and allows operation at bearing tem- 
peratures of 325-350 F. These temperatures are seldom exceeded 
in reciprocating-engine bearings. Thus the use of silicone 
lubricants for this service does not appear desirable. In addition, ~ 
if the silicone: fluid is subjected to flame, as it may be in a re-_ 
ciprocating engine, on the cylinder walls, silica is formed and 
serious wear results. The gel formation of the DC-500 fluid at 
temperatures over 425 F, as pointed out in the paper, would be 
a serious drawback to its use in high-temperature bearings. 


AuTHORS’ CLOSURE 


Silicone-grease research at the Naval Research Laboratory was 
started during the war and since then much further work has 
been done. A publication of the earlier research will be forth- 
coming in the near future. 

No special handling or protection was found necessary after 
the bearings had been pretreated. No attempt has been made to 
study bearings under edge-loaded conditions. Roughness of the 
bearings was approximately 35 naicroinches (maximum) peak to © 
valley. Roughness of the chromium-plated shaft was approxi- 
mately 50 microinches (maximum), peak to valley. 

Table 3 shows the values of ZN /P at failure. However, it is 
well known that failure of a bearing does not always occur at the 
minimum value of the ZN /P curve and in these tests the failures 
with the silicones usually did not occur at the minimum ZN/P. 
Therefore it has not been found possible to completely correlate 
the minimum film thickness with the ‘ghest bearing temperature. — 

The relative load-carrying capacity of NS 1080 and DC 710 
should, in the opinion of the authors, be compared at the incipient 
seizure load since complete failure of the bearing can easily occur 
at the lower load. Moreover, the difficulty of breaking-in and 
running a bearing with the methyl phenyl silicone fluid should 
not be minimized when compared to the nonadditive petroleum 
oil. 

The possibilities of using silicone fluid in the crankease of a 
single-cylinder engine were explored by the Naval Research 
Laboratory late in the war. High wear on the cylinder walls was 
not noted but severe scoring and welding between the rings and 
the cylinder were observed. The hardened cam shaft and push 
rod were badly scored. However, changing the composition of the 
mating moving parts of the engine was not done. This is con- 
sidered worth while. 

Silicone fluid which was atomized and burned resulted in a fine, 
fluffy, white powder. Examination with an electron microscope 
revealed that the particles were spheres. and ranged from 200 to 
600 Ain diameter. U.S. Patent 2,432,109 entitled ‘“Break-in-Fuel”’ 
granted to W. A. Zisman, H. R. Baker, and C. M. Murphy of the 
Naval Research Laboratory, dealt with the use of silicon con- 
taining compounds which form silicon dioxide when burned. 
The compounds were added to the fuel and were burned in the 
combustion chamber of engines. Silicone fluids and silicates 
were among the compounds acting as polishing agents during 
break-in if added to the fuel. The limitations of the silicone 
fluids due to gel formation may be minimized, in some systems, 
by the proper design of the system and filters. 


Problems Associated With Use of 
Diesel Fuels 


By W. L. H. DOYLE! anv E. W. LANDEN,? PEORIA, ILL. 


This paper presents results of recent investigations deal- 
ing with the nature of exhaust products resulting from 
combustion of Diesel fuels, particularly those products 
composing smoke. Development of some new inspections 
for improved control over certain properties of Diesel fuels 
is suggested. New standardized tests should be devel- 
oped, one whereby the relative stability of a Diesel fuel 
can be determined, and another whereby the ‘“Diesel- 
fuel combustibility’’ quality can be evaluated. New ad- 
ditive-type lubricating oils must be made available for 
use in the medium- and higher-speed Diesels to combat the 
deleterious effects of sulphur contents in the fuels for these 
engines. 


INTRODUCTION 


N less than a decade a great number of Diesels have been 
' produced for use in buses, trucks, tractors, locomotives, 
naval and other marine services, and for a wide variety of sta- 
tionary power-plant requirements. Thetotalhorsepowerinvolved 
is many millions, and includes about 60,000,000 hp which were 
produced for our own Navy. These widespread applications of 
the Diesel have resulted in a remarkable growth in the demand 
for Diesel fuels. This same period marks the development of 
important changes in petroleum-refining techniques, and the 
large-scale application of catalytic cracking. These, together 
with hydrogenation and other reforming processes, make it pos- 
sible to produce on a wide scale practically any type of hydro- 
carbon fuel, starting with petroleum crude. 

Economic factors, more than ever before, will have an increas- 
ing influence on the make-up of available Diesel fuels. Since 
combustion processes vitally influence the performance of the 
Diesel, it is important to consider fuel properties and their rela- 
tion to Diesel combustion. Fuel properties will also be discussed 
in relation to existing and future fuel specifications. 


CRITERIA FOR DIESEL COMBUSTION PERFORMANCES 


The products of incomplete combustion serve as important 
indexes of combustion performance. When these products are 
related to fuel properties, we have a sound criterion for evaluat- 
ing the combustion performance of fuels. Table 1 shows the 
various products of combustion present in the exhaust gases and 
the form in which they occur. 


DIESEL SMOKE 


In general, smoke may be defined as a particular atmosphere 
containing suspended solid particles and minute liquid particles 
in various proportions. Diesel smoke is produced from liquid 
and gaseous hydrocarbon fuels. It may contain solid carbonace- 


1 Assistant Director of Research, Caterpillar Tractor Company. 
Mem. ASME. . 
2 Staff Physicist, Research Department, Caterpillar Tractor Com- 
any. 
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the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tur AMERICAN Society oF MrcHanicaL ENGINEERS. 
Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-124. 


TABLE 1 PRODUCTS OF COMBUSTION PRESENT IN DIESEL 
EXHAUST GASES 


Products of State Comments 
Complete z 
Combustion 
a) COp Corrosive under some conditions 
b) 1,0 x Contributes to corrosion at 
At temp. film temperatures below dew 
above below point 
dew point| dew point 
c) Ny ~ Inert 
d) 02 xe Excess 
Products of 
Incomplete 
Combustion 
a) co x Odorless, toxic, formed under 
locally over lean or locally 
over rich conditions 
b) Ho x Formed under locally over rich 
‘conditions 
c) CH), x Formed under locally over rich 
conditions 
da) Unburned x x 
fuel At temp. At temp 
above below 
dew point | dew point 
e) Partially x x Include: 
Oxidized At tem. At temp. Aldehydes (odorous compounds) 
Fuel above below Organic acids (corrosive compounds) 
dew point | dew point Probably formed under locally over 
ae lean conditions 
f) Carbon x 
g) Ash x 
Other 
Products 
a) SO x Corrosive in presence of water 
dv) S03 Corrosive in presence of water 


c) Nitrogen Corrosive in presence of water 
Oxides 


ous particles or a fog consisting of minute liquid hydrocarbon 
droplets and condensed water droplets. 

The minute solid particles found in Diesel smoke occur under all 
conditions of operation but are more evident at higher outputs, 
as shown in Fig. 1. To obtain these data, the exhaust products 
from the two engines, A and B, were passed through a surge tank, 
through four condensers cooled with solid carbon dioxide or ‘‘dry 
ice” and finally through a cloth filter. Exhaust back pressure at 
the engine outlet was maintained at atmospheric pressure by a 
vacuum pump. At the end of each test run the nongaseous prod- 
ucts exhausted by the engine were recovered and analyzed. These 
included the water from combustion, unburned carbonaceous 
particles, and oily residues. The carbonaceous particles result 
from the cracking of the hydrocarbon molecules at elevated 


_ temperatures and pressures and also from incomplete chemical 


reactions occurring in the cylinder during the combustion cycle. 

Landen (1)? has demonstrated that much of this cracking oc- 
curs early in the combustion cycle, since large quantities of solid 
particles appear in the combustion chamber shortly after initia- 
tion of combustion. Best combustion will occur only if the fuel 
vaporizes completely, there is sufficient oxygen, the oxygen is 
adequately mixed with the fuel vapors, temperatures are favora- 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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ble, and sufficient time is allowed for completion of the chemical 
reactions. Under conditions of proper rating there is always 
an over-all excess of oxygen present in the Diesel. Air tempera- 
tures are favorable for vaporization of normal fuels when the 
engine is operating at reasonable loads and speeds. Inadequate 
mixing of oxygen with any of the fuel vapors, insufficient time 
for the various chemical reactions, and the cooling of the reaction 
products during expansion are the important factors which pre- 
vent complete combustion, and thus contribute to the produc- 
tion of carbonaceous particles appearing in the exhaust. 

The fog type of smoke may occur when the engine is operating 
at reduced power outputs, when idling, or when the engine is used 
as a brake with incomplete fuel cutoff. This fog of minute 
liquid hydrocarbon particles may come from unburned fuel which 
has passed through the cylinder. It may also come from the 
various liquid hydrocarbon fractions formed from the original 
fuel and the lubricating oil, as the result of various cracking reac- 
tions and incompleted-combustion reactions. Fig. 2 shows 
measured quantities of liquid hydrocarbon products recovered 
simultaneously with the solid carbon products shown in the pre- 
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vious figure. These data show that the liquid components in- 
crease with reduction of fuel-air ratio or power output. The 
liquid hydrocarbon residue from combustion, as recovered from 
the condensing system, had an average molecular weight nearly — 
twice that of the fuel. This indicates that some liquid fractions, 
particularly heavier ends, and some polymerization products 
are present in the exhaust. Here again best combustion requires 
complete vaporization, a sufficiency of oxygen, adequate mixing 
of oxygen and fuel vapors, favorable temperatures, and sufficient 
time. 

Under conditions of reduced power output and also when 
an engine is used as a brake with incomplete fuel cutoff, rela- 
tively smail quantities of fuel are injected. Due to less favora- 
ble atomization the average fuel droplet is large, and droplet 
velocities are low. Air temperatures are unfavorable because of 
reduced compression and reduced heat-energy input, and hence 
more time is required for vaporization. Ample oxygen exists but 
the oxygen and fuel vapors tend to mix inadequately. Localized 
ignition and localized combustion reactions are delayed, and in 
addition there are also local regions in the combustion chamber 
where fuel-air mixtures are too lean to allow any inflammation. 
Thus these localized conditions may produce vapors of un- 
burned hydrocarbons and partially oxidized hydrocarbons. 
The vapors of the various hydrocarbon fractions which are not 
completely oxidized, and any unburned fuel vapors condensed in 
the atmosphere will appear in the exhaust as a light bluish-gray |. 
smoke. 

Water vapor results from combustion of hydrocarbons. At 
lower atmospheric temperatures this vapor will condense and 
appear as a white fog or smoke. 

Thus Diesel smoke may consist of black solid carbonaceous 
particles, and minute droplets of fuel, various liquid hydrocar- 
bons, partially oxidized hydrocarbons, and condensed water 
vapor. The general appearance of the smoke is determined by 
the predominating constituents. 


Fur. Properties INFLUENCING DigsEL SMOKE 


The chemical composition and certain physical properties of the 
fuel are factors which influence Diesel combustion. The chemical 
make-up of the fuel influences its ignition quality, or cetane num- 
ber as shown (1) in Fig. 3. Ordinary fuels of high paraffin 
content have relatively high cetane-number ratings. For nor- 
mal paraffins the cetane number increases with the number of 
carbon atoms in the straight chain. In general, the ease of 
ignitibility follows the molecular configuration and reduces in 
the following order: Normal paraffins, olefins, naphthenes, and 
aromatics. 
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The cetane number of a fuel, without additive, serves as a use- 
ful measure of its inherent ignition quality. However, the vola- 
tility of the fuel and the localized fuel-air mixture formations are 
factors controlling fuel combustion. High-volatility fuels with 
good ignition qualities tend to burn quickly and in such a manner 
that only a small amount of residue is exhausted from the com- 
bustion chamber. 

The quantity of a given fuel injected into the conibustion 
chamber has an influence on the relative cleanliness of combustion, 
and the type and quantity of exhaust smoke. A fuel of average 
cetane number and volatility, when consumed in a Diesel which 
is in good mechanical condition, presents a smoke pattern that is 
dependent upon engine power output and the related fuel-air 
ratio and is characteristic of all engines and most fuels. At idle 
operation, fuel-air ratios are extremely small, and the bluish- 
gray fog type of smoke appears at the exhaust. At increased 
loads and higher fuel-air ratios, in the approximate range of 
0.015 to 0.05, fuel combustion is more generally complete, and 
hence less smoke is visible. As fuel-air ratios increase above 
this range, the black, or predominantly carbonaceous-particles 
type of smoke becomes more evident. 

The cetane number and the volatility of the fuel also influence 
the Diesel smoke pattern. In Fig. 4, taken from Wetmiller and 
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Endsley (2), smoke is shown in relation to the quantity of fuel 
injected and the cetane number of the fuel. The three fuels used 
for these tests had essentially the same volatility characteristics. 
The lower cetane-number fuels produced large quantities of 
smoke at low fuel-air ratios, indicated by the lower fuel-injection 
rates. At the intermediate and higher values of fuel-air ratios, 
smoke was much less, indicating better combustion. The fuel 
having the highest cetane number produced little smoke at low 
and intermediate fuel-air ratios, but at high fuel-air ratios larger 
quantities of smoke were produced. 

Landen (1) has illustrated the effects of cetane number and 
volatility on Diesel combustion from data obtained when using 
special fuels in a direct-injection engine. Fig. 5 indicates smoke 
measurements with fuels of different cetane numbers, having two 
values of volatility. The first group of highly volatile fuels, 
having a boiling range of 400-500 F, shows little smoke at the 
low brakemean effective pressure (bmep) orlowfuel-air ratios. For 
this group as the bmep or fuel-air ratio increases, the smoke in- 
creases. At any given fuel-air ratio, the higher-cetane-number 
fuels produce more smoke than the lower-cetane-number fuels. 
This is in agreement with the data of Wetmiller and Endsley, who 
used fuels of comparable volatility. However, Landen’s data do 
not cover some of the lower values of fuel-air ratios reported by 
Wetmiller and Endsley. These data indicate that under condi- 
tions of higher power outputs with highly volatile fuels of high 
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cetane number much more cracking of the fuel occurs due to 
thermal breakdown than with fuels of comparable volatility 


’ having lower cetane-number ratings. 


Now consider the second group of less volatile fuels having a 
boiling range of 600 to 700 F. These fuels produce more smoke 
than the first group of highly volatile fuels at comparable bmep’s 
or fuel-air ratios. For this group the low-cetane-number fuel 
produced more smoke than the higher-cetane-number fuels. 
During the ignition-delay period some fuel mixes with air in 
proportions which do not allow inflammation. Due to the in- 
herent longer ignition delay, the flame boundaries for the lower- 
cetane-number fuels are extended, permitting existence of more 
local over lean fuel-air mixtures than for the shorter flame 
boundaries characterizing the shorter ignition delay of higher- 
cetane-number fuels. The larger droplets in the fuel spray may 
be carried beyond the flame boundaries and some may reach 
the combustion-chamber walls where they become chilled. This 
chilled fuel evaporates later in the combustion cycle. Some of it 
burns under unfavorable conditions and the rest is exhausted 
as unburned fuel. The longer ignition delay of the lower-cetane- 
number fuel permits more of these droplets to be carried to the 
walls than for the higher cetane-number fuels. Also, as the lower- 
cetane-number fuel evaporates from the wall, since it is more 
resistant to cracking, liquid hydrocarbons will predominate in 
the exhaust appearing as bluish-gray smoke.» The higher-cetane- 
number fuels being less resistant to cracking will break down. 
Part of the cracked products will burn and part will be ex- 
hausted, mostly as solid carbonaceous particles. Thus the 
lower-cetane-number low-volatility fuels produce a heavier 
smoke for a given bmep or fuel-air ratio than for the higher-ce- 
tane-number fuels of comparable volatility. 

Blends of two 40-cetane-number fuels used in operation of 
a direct-injection engine serve to illustrate further the effect of 
volatility. Fuel A had a 400-500 F boiling range and fuel B had 
a 600-700 F boiling range. Fig. 6 shows the smoke measurements 
of these fuels and the fuel blends (1). From this figure the effect 
of volatility on smoke is illustrated. 
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Other fuel properties may be considered, such as viscosity and 
gravity. Obviously, the viscosity affects the mechanics of in- 
jection and is primarily related to combustion performance be- 
cause of influence of engine design features. The heat content of 
a fuel is largely a function of the gravity and will influence the 
specific fuel-consumption rates. 


FuEL PRopERTIES RELATING TO ODOR 


Diesel exhaust may contain products having pungent odors. 
The exhaust odor when referred to in the literature is associated 
with the aldehyde content of exhaust gases. The ignition quality 
seems to be the one factor which influences the aldehyde content 
in exhaust gases. Fuels of higher cetane number minimize this 
aldehyde content, according to Wetmiller and Endsley (2), and 
Ainsley (8). In Fig. 7 Ainsley reports the effect of cetane num- 
ber on aldehydes in the exhaust. These observations were ob- 
tained with an engine which was idled at two speeds. From these 
data it will be observed that higher-cetane-number fuels yield 
lowest aldehyde concentrations in the exhaust. 


FuEL PROPERTIES CONTRIBUTING TO ENGINE DEPOSITS AND 
WEAR 


Engine deposits and wear have been investigated over a period 
of years and data are reported in the literature. For ordinary 
Diesel fuels it is difficult to determine the isolated influence of 
any one fuel property quantitatively, since, in attempting to 
change one fuel property, other properties of the fuel are also 
altered. Lubricating oils also may be responsible for deposits in 
the cylinders. An exception is to be noted in the case of Diesel 
fuels having appreciable sulphur contents. Sulphur content in 
present-day fuels varies over a wide range and is tending to in- 
crease. The reactions occurring during combustion produce 
either sulphur dioxide or sulphur trioxide. . 

Cloud and Blackwood (4) have demonstrated the individual 
effect of sulphur trioxide on engine deposits by motoring an en- 
gine with no fuel being admitted and when supplying sulphur 
trioxide with the intake air. Under these conditions, pronounced 
oil sludging and engine deposits were observed. This indicates 
that sulphur trioxide combines with the lubricating oil. _ Fuels 
containing sulphur produce sulphur trioxide during combustion 
in the Diesel. Thus the sulphur content in the fuel is detri- 
mental to the lubricating oil and contributes to formation of « 
engine deposits. Blanc (5) shows that the deleterious effects of 
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sulphur in Diesel fuels can be minimized by the use of special - 
additive types of lubricating oils when operating under con-— 
ditions of normal high jacket temperatures. 

It has been demonstrated by Blane (5), and by Broeze and 
Gravesteyn (6), that wear increases rapidly with increased sul- 
phur content in the fuel. Evidence therefore points to increased 
operating difficulties with increased sulphur content in the fuel. 
The detrimental effects on engine wear and deposits when using — 
the nonadditive types of lubricating oil are out of all proportion 
to the content of sulphur compounds which may be present in the 
‘Diesel fuel. ° 


FuEL PROPERTIES INFLUENCING STARTING 


The ignition quality of a fuel has a direct bearing on starting. 
Shoemaker and Gadebusch (7) show for a given Diesel that an 
89-cetane-number fuel was required for startability at an ambient 
temperature of —20 F, whereas at 60 F a 36-cetane-number 
fuel gave good starting. 

Factors affecting ignition under starting conditions include 
air pressure, air temperature, vaporization characteristic of the — 
fuel, ignition delay of the fuel, and the auto-ignition temperature 
of the fuel. Terminal air pressures at various cranking speeds 
for a particular engine having a compression ratio of 17 to 1 are 
given by Heldt (8), as shown in Fig. 8. Corresponding values 
of terminal compression temperatures have been calculated for 
four ambient temperature conditions as shown in the figure. 

The effect of the auto-ignition temperature and ignition-delay 
characteristics of the fuel may be indicated by considering one 
cranking speed, a uniform fuel vapor-air mixture and a finite 
time of 0.05 sec for the oxidation process of auto-ignition. Under 
these conditions, Tizard and Pye (9), for a cylinder having a com- 
pression ratio of 7 to 1, found that the auto-ignition temperature 
for a 20 to 1 heptane-air mixture is 620 F, and that for a 15 to 1 
ether-air mixture is 480 F. For the:same ignition delay the 
ether-air mixture has an auto-ignition temperature which is 140 
deg below that of the heptane which is one of the more volatile 
hydrocarbons. 

An ignition delay of 0.05 see involves a crank angle of 90 deg 
at 300 rpm. On the basis of these data the lower-compression — 
engine would not be expected to start at subnormal temperatures. 
However, the Diesel with its higher compression ratio using a suit- 
able if more complex hydrocarbon fuel in the injection system, 
does start at temperatures well below —20 F when cranked at 
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relatively low speeds and when diethyl-ether is atomized pro- 
miscuously into the engine air intake. 

It develops that the experimenters (9) used a. special commer- 
cially pure diethyl-ether, whereas for low-temperature starting, 
commercial, as distinguished from the commercially pure, ether 
is used. This has considerably greater contents of the peroxides 
as impurities. Being unstable even at normal temperatures, 
these peroxides act as ignition accelerators, starting oxidation 
reactions early in the compression stroke. The combined ef- 
fect of the increasing compression pressures and temperatures, 
occurring during successive compression strokes, steps up these 
reactions enormously. Thus the effective localized ignition de- 
lays and auto-ignition temperatures are greatly reduced. This 
explains why a 5/,-in-bore engine, for instance, will start at 
cranking speeds below 150 rpm under ambient temperatures of 
less than —20 F in a matter of 6 to 9 sec when ether is atomized 
into the engine air intake. 


FueEL ADDITIVES 


There is a sound associated with Diesel ignition and combus- 
tion which is recognized as “‘Diesel knock.” This sound may vary 
from zero intensity to a very high value occurring at incipient 
detonation. Best combustion for the Diesel occurs under con- 
ditions approaching incipient detonation because of the high 
rates of burning. Design features are necessarily established so 
as to limit combustion performances to conditions well below 
those approaching the incipient-detonation type of combustion. 


For a fuel having a given cetane number, a given volume of 


fuel will enter the cylinder before inflammation starts. This 
volume is larger for a low-cetane-number fuel than for a high- 
cetane-number fuel. The rate at which energy is released by the 
initial combustion of the fuel is a function of the inflamed vol- 
ume. Thus for the lower-cetane-number fuel, the larger volume 
existing in the cylinder will release energy at higher rates and will 
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produce a more inténsive knock. An ignition accelerator added 
to a fuel reduces the ignition delay and therefore reduces the 
volume available at instant of inflammation. 

Field experience (10) with distillates containing certain addi- 
tives indicates that additives offer possibilities as a means of con- 
verting some rough-running fuels into satisfactory fuels. 

It will be of interest to determine if the intensity of knock 
changes with fuel composition as between fuels of equal volatility 
and cetane number, and the influence of ignition accelerators on ~ 
the phenomenon. The effect of fuel composition on deposits 
should also be determined when comparing fuels of equal vola- 
tility and cetane number. 


OPERATING ConpDITIONS WuiIcH CONTRIBUTE TO SMOKE 


The results of a comprehensive investigation (2), comparing 
performances of engines at the end of extended periods of actual 
service in automotive buses with performances after these same 
engines had been serviced and returned to good mechanical 
condition, are shown in Table 2. From these data it will be 


TABLE 2 EFFECT OF ENGINE CONDITION ON PERFORMANCE 
Engine A 


Injectors after 


Extensive Use Same Injectors 


Performance Feature in Bus Service after Overhaul 
Exhaust Smoke - 350 rpm Idle, % 2 0 
Exhaust Smoke - 1400 pao Load, % 2 ; o* 
Exhaust Smoke - 100 rpm 1/, Load, % 8 6 
Exhaust Smoke - 1400 rpm 1/2 Load, % seh 8 
Exhaust Smoke - 1400 rpm 3/& Load, % 16 wu 
Exhaust Smoke - 1,00 rpm Full Load, % ya 37 
Exhaust Smoke - 1,00 rpm 3/4 Load, after 15 
» min at 350 rpm Idle, % 37 18 
- Fuel Consumption at 1100 rpm No Load = 
mm3 /cyl/cycle 21.2 18.0 
Engine A 
Governor in Same Governor 
Bad Repair after Overhaul 
Exhaust Smoke Decelerating, % 70 fe) 
Aldehydes - mg/ft3 Exhaust Gas Decelerating 0.9 le) 
Engine B 
Engine after Same Engine after 
Extensive Use Major Overhaul 
Exhaust Smoke - 1400 rpm Full Load, % 3u 20 
Exhaust Smoke - 2500 rpm Full Load, % Ly 16 
Exhaust Smoke - Accelerating, % 38 16 


observed that poor maintenance practices in many cases over- 
shadow any beneficial effects derived from selected fuels. This 
observation is generally applicable to all types of Diesels in 
all kinds of service. 


SPECIFICATIONS AND DIESEL FUELS 


We have discussed the influence of certain fuel qualities on 
combustion performances, considered in terms of products in 
the exhaust, and also their influence on engine wear, deposits, 
and starting. Under operating conditions of normal speeds 
and reasonable power outputs, factors inherent in the engine 
construction obviously are conducive to favorable ignition and 
combustion. Field experience indicates that under these condi- 
tions a wide variety of fuels will give approximately equal satis- 
faction. At reduced loads and idling, engine factors are less 
favorable to combustion, and the scope of practicable fuels is 
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narrowed. It is important to define the permissible ranges of 
fuel properties so as to indicate the nature of fuels suited to the 
various classes of engines and the conditions under which they 
function. Research and mass field experience provide the data 
needed for establishing satisfactory specifications. 

Under previous conditions with the relatively limited de- 
mands for the classes of fuels used for the medium and higher- 
speed Diesels and for the household burners, it was possible for 
the refineries to meet these demands with essentially straight- 
run distillate fuels. As a result of extensive experience on the 
part of fuel producers and users, specifications applying to those 
fuels have proved quite workable. 

There has been a marked increase in Diesel-fuel demands ac- 
companying the growth in application of the medium and higher- 
speed Diesels. The increase in household burner oil demands 
has been even greater. Sizable as these demands are, they are 
considerably overshadowed by the growing demands for gaso- 
lines. To satisfy the demands for gasolines of an improved 
quality, the petroleum industry is extending the use of catalytic- 
cracking and of course will continue to employ existing thermal- 
cracking facilities. 

With the production of these large quantities of gasoline are 
also produced large quantities of catalytic-cracked distillates and 
some thermal-cracked distillates. These cracked distillates are 
produced from the material which is being recycled through 
the cracking processes. Thus the fuel producer can furnish 
straiglit-run distillates, catalytic-cracked distillates, thermal- 
cracked distillates, or blends of the cracked distillates and 
straight-run distillates as may be needed to meet the require- 
ments for the various classes of Diesel fuels and burner oils. 
The predominating quantities of available catalytic-cracked 
distillates and their lower cost are factors of moment to the 
Diesel-fuel user. Because of their growing economic importance, 
it is of particular interest to consider the catalytic-cracked dis- 
tillates in relation to the fuel needs of the Diesel. 

The nature of the catalytic-cracked distillates is influenced 
by the hydrocarbon make-up of the straight-run distillates used 
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as charging stocks and by the extent to which cracking is applied 
to the recycle stocks. Thus distillates from the cracked recycle 
stocks differ materially from the straight-run distillates in the 
same boiling range. The catalytic-cracked distillates tend 
toward increased contents of aromatics, iso-paraffins, and various 
unsaturates, including certain of the unstable types of hydro- 
carbons. While thermal-cracked distillates are roughly of the 
same general nature, processing conditions in catalytic-cracking 
make it possible to produce catalytic-cracked distillates which 
are superior to the thermal-cracked distillates as a source for 
Diesel fuels. In either case, the cracked distillate from a given 
recycle stock will have an ignition quality which is lower than 
that of the charging stock. The unstable hydrocarbons included 
in the untreated cracked distillates have marked gum- and lac- 
quer-forming tendencies and must be removed to avoid sticking 
of injection-system elements and engine deposits from this source. 

As indicated in Fig. 9, it is possible to select catalytic-cracked 
distillates of any desired boiling range from favorable recycle 
stocks. From the figure it will be evident that three general 
classes of fuel oils can be produced. These may be blends of 
catalytic-cracked distillates and straight-run distillates, or un- 
blended catalytic-cracked distillates, with or without ignition 
accelerators. The make-up depends importantly upon the na- 
ture of the charging stocks and the extent of the cracking applied 
to the recycle stocks. As pointed out by the petroleum industry, 
to meet the increased demands for Diesel fuels and household 
burner oils, the quantities of straight-run distillates used for 
blending must be held toa minimum. ~ 

Growth in demand for petroleum products makes it necessary 
to refine larger quantities of sour crudes. At the same time the 
supply of domestic sweet crudes is dwindling. Sour crudes in- 
clude more corrosive sulphur compounds as part of the total 
sulphur content than do the sweet crudes. The need for com- 
mercially applicable methods to remove the corrosive sulphur 
content from the crudes early in the refining operations involves 
problems of great importance té the petroleum industry. Pend- 
ing development of commercially practicable means for reduc- 
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tion of sulphur in the initial refining stages, the various classes of 
distillate fuels other than gasolines may be expected to reflect an 
increase in sulphur content over the same classes of fuels as 
available under previous conditions. 


SPECIFICATIONS FoR Drerintnc Newer Types oF Diese Furts 


The changing nature of available fuels appears to warrant a 
comprehensive resurvey of the specifications used for defining 
Diesel fuels. Any reformulated Diesel-fuel specifications must 
define fuels which are suited to the various Diesel needs and at 
the same time are compatible with economic factors. The 
petroleum industry and the users need to co-operate closely to 
evaluate any recasting of the limits for currently used inspec- 
tions so as to define adequately the properties of these newer 
fuels. 

Unstable hydrocarbons contribute to certain operating diffi- 
culties and must be restricted. At present there exists no ac- 
ceptable inspection. Therefore it becomes evident that a suita- 
ble inspection must be developed and practical limits estab- 
lished. 

New inspections of Diesel fuels must consider factors involving 
fuel introduction, ignition, and combustion. With our present 
knowledge, fuels can be selected so as to insure satisfactory intro- 
duction. Knowledge of ignition phenomenon in the Diesel has 
been advanced but is still in need of further development. The 
introduction of the cetane-alpha-methylnaphthalene scale for 
measuring the ignition quality of a Diesel fuel constitutes one 
of the outstanding contributions from prewar research. Antici- 
pated changes in the nature of the newer fuels, with and without 
ignition accelerators, justify additional research to clarify the 
relative importance of cetane-number ratings to be used in future 
specifications. Based upon a nation-wide survey in 1944 of the 
postwar Diesel-fuel situation, it was concluded among other 
things that there is great need for a test whereby the quality which 
may be termed Diesel-fuel combustibility can be evaluated, 
necessarily under a particular set of test conditions, much as in 
the case of cetane-number evaluations. At present this impor- 
tant quality is indicated only after having burned a given Diesel 
fuel under actual operating conditions for a long time. The 
development of a practical test for this quality, one giving re- 
producible results expressed on a suitable scale, would be ex- 
pected to reduce the currently debatable emphasis on cetane 
number to a more generally acceptable basis. 

In a Diesel, optimum thermal efficiencies and enduring per- 
formances are obtained with fuels which burn rapidly and when 
complete combustion of the fuel is approached. The chemical 
energy in the fuel is released at high rates throughout the in- 
flammation phase and this is manifested by the high rates at which 
the temperatures and pressures of the gases-in the. cylinder 
increase. Under these conditions there are favorable exchanges 
of fuel energy into mechanical energy. Limiting considerations 
to. hydrocarbon fuels, this suggests that” the Diesel-fuel com- 


bustibility quality might be evaluated by comparing the tem-. 


perature-time relations for a particular fuel with those obtained 
from certain reference fuels, these fuels being delivered into a 
given Diesel at a prescribed energy-supply rate, under standard- 
ized operating conditions. Instruments (1, 11) have been de- 
veloped to measure instantaneous temperatures occurring dur- 
ing the combustion phase. The authors hope that the possibili- 
‘ties in this test scheme using instruments of this type will be ex- 
plored thoroughly. In any event, it is hoped that this work will 
lead to some form of test which is suitable for evaluating this 
important quality in lieu of the long-time observation now re- 
quired. Granting the development of a practicable test of this 
general nature, it is envisioned that rates of heat energy released 
under prescribed test conditions could, as a result of laboratory 
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and field observations, be correlated so as to define satisfactorily 
the usable ranges in this Diesel-fuel combustibility quality. 


CONCLUSIONS 


The liquid fuel used for operation of the Diesel plays a vital 
part in determining its over-all success. Engine power outputs, 
reliability, and durability are significantly influenced by the 
fuel used for operating the engine. 

Due to the changing make-up of generally available fuels, 
there appears to be a need for a resurvey of the specification 
means used for defining practicable Diesel fuels. 

It is suggested that new standardized tests be developed, one 
whereby the relative stability of a Diesel fuel can be determined, 
and another whereby the Diesel-fuel combustibility quality 
can be evaluated. Suitable inspection limits used in connection 
with these tests would serve as additional useful means for speci- 
fying Diesel fuels properly. 

Specifications for these newer fuels must comprehend the 
widest range in fuel properties or qualities compatible with the 
economic factors involved in engine reliability and durability on 
the one hand and, on the other hand, with those involved in 
fuel availabilities, fuel costs, engine-maintenance costs, and 
lubrication costs. Research and mass field experience must 
provide the data needed for the development of these specifica- 
tions. 

New additive-type lubricating oils must be made available for 
use in the medium- and higher-speed Diesels to combat the dele- 
terious effects of sulphur contents in the fuels for these engines. 
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Discussion 


GC. C. Moors.‘ The writer would like to propose a new scale 
for use with such papers as the present one. This scale is based 
upon the “irritation number,” and this number is the result of 
the writer’s inability to answer many of the questions and prob- 
lems that are raised. Diesel engines do run and operate very 
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satisfactorily, and this is in no way connected with the fact that 
we thoroughly understand their combustion mechanism. It 
should be stated that they operate in spite of our lack of knowl- 
edge of why and how! 

If the Diesel engine could operate without hydrocarbon fuels, 
things would be much simpler. As is pointed out in the paper, a 
fuel that is heated to a certain point starts to “erack,”’ which 
means that it starts to change into other kinds of hydrocarbons. 
If we have oxygen present, additional chemical compounds are 
formed. Some of this fuel is burned to carbon dioxide and water 
vapor, and during the process suppties heat that eventually is 
transmitted into ton-miles or brake horsepower-hours. Some 
of the fuel, however, does not complete this cycle, and the result 
is a smoky exhaust, a fouled engine, and sometimes stuck piston 
rings. 

It is shown in the paper that fuel residues were recovered from 
the exhaust which had an average molecular weight nearly twice 
that of the original fuel. This means simply that for a portion 
of the fuel, cracking and polymerization have taken place rather 
than combustion. When it is considered that this has taken 
place in the presence of 50 per cent or more of excess air, it is 


evident that there is still much work to be done in perfecting the. 


combustion process of a Diesel engine. Part of this work un- 
doubtedly lies in what might be called the strictly mechanical 
field, but it is our opinion that there is also much improvement 
possible in the chemical field. We have available certain types of 
chemicals, such as the organic peroxides, that cause self-ignition 
to start quicker, or at a lower temperature, but there seems to be 
evidence that such materials do not appreciably affect the end 
point of the combustion. Of interest would be research directed 
toward the development of a combustion catalyst, such that 
combustion once started would continue to the end products of 
carbon dioxide and water. 

It is stated in the paper that best combustion will occur when: 
(a) the fuel vaporizes completely ; (6) adequate mixing with the 
oxygen is obtained; and (c) sufficient time is allowed for comple- 
tion of the chemical reactions. As opposed to these desirable 
conditions there seems to be a general tendency to increase 
engine speeds and thereby reduce the time allowed for the com- 
bustion to complete itself. An equally definite tendency is the 
growing reluctance of petroleum refiners .to make available 
a low-boiling-range straight-run fuel, for such material is the favor- 
ite diet of the new catalytic crackers that turn out high-anti- 
knock-value gasoline. By simple elimination, the only remaining 
field of improvement is the better mixing of the fuel charge with 
the oxygen, and possibly the better or more complete burning of 
this mixture by means of some catalytic aid. 

The authors discuss the need for a test whereby the ‘‘Diesel- 
fuel combustibility”” can be evaluated. Certainly the cetane 
number of a Diesel fuel is not a good criterion of its performance, 
nor is the distillation range, of itself, of much value in forecasting 
engine performance. The temperature-time relations suggested 
by the authors, in comparison with those of some standard refer- 
ence fuels, might be of considerable interest, and especially so 
if they could correlate the results with some less difficult test to 
run. It would seem as though there should be some formula 
wherein distillation range, viscosity, and gravity, and some 
paraffinicity or aromaticity factor could be combined to give the 
Diesel-fuel combustibility or ‘“w-number’’ of a fuel. 

The research work of the authors in developing their tempera- 
ture-time concept of combustibility may serve a very goed eco- 
nomic purpose in opening new compositions for Diesel fuels. 
For éxample, there is a general reluctance to use cracked or blends 
of cracked and straight-run products in Diesel fuel. It-may be 
that certain cracked fractions are satisfactory for use, or that 
blending with some material, such as a Fischer-Tropsch fuel, 
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might give the desired temperature-time relationship. There is 
certainly much room for speculation and research along .these 
lines. 

The writer wishes to compliment the authors on the high 
irritation number of their paper, for such irritation causes 
interest and thinking, and it is only by the realization of our inade- 
quate knowledge that real progress can be hoped for in the field of 
combustion research. 


H. F. Bryan.® It is refreshing to note that the authors have 
broken down Diesel smoke into its various constituents rather 
than attempting to evaluate it by a smokemeter. In this way 
the products of combustion can be made to tell the real story of 
what is going on inside the combustion chamber. 

Combustion in the Diesel engine is such a heterogeneous process 
that one may have a high percentage of carbon, some hydrocar- 
bons of varying chemical composition, water vapor, and under 
certain conditions, some very corrosive compounds all mas- 
querading under the one term, ‘“‘smoke.”’ 

We agree with the statement that much of the cracking of the 
hydrocarbon molecules which produces carbonaceous particles 
in smoke occurs early in the combustion cycle and is due to poor 
preparation and distribution of the fuel in the combustion cham- 
ber. 

It is interesting to note that ““cetane number” is now becoming 
a more specific term to indicate the inherent ignition quality but 
not necessarily the burning quality of a fuel. More attention is 
now being given to the influence of volatility on the burning of 
the fuel and the influence of viscosity on the mechanical prepara- 
tion of the fuel for burning. 

Weare in accord with the authors on the influence of sulphur on 
engine deposits and cylinder wear. High-sulphur fuels definitely 
increase engine deposits and, under certain conditions of opera- 
tion, produce excessive wear. We have found the high gum 
content found in some of the burner fuel oils will also produce 
excessive deposits under certain conditions. 

On the broad subject of Diesel-fuel specifications from the 
present available distillates, we are still ‘‘too close to the woods 
to see the trees.’” Whether we like them or not, we will have 
certain types of distillates available for Diesel-engine and burner 
use. The burner-fuel demand, being the greatest, will influence 
the over-all specifications. Therefore it is the job of the Diesel- 
engine manufacturers and burner makers to improve their re- 
spective products so that similar fuel specifications can be used. 
Otherwise premium fuels for Diesel engines will be required. 

A tremendous amount of research and field experimentation 
together with a fine spirit of co-operation will be necessary to 
reach this desirable goal. Considerable progress has been made 
in the past 2, years, and with the present unanimity of thought a 
solution of the problem is possible. 


'P. H. Scuwurtzer.’ The writer was interested in Figs. 1 and 


-2 of the paper and considers them a valuable addition to our 


knowledge of Diesel combustion. Fig. 1 shows that solid 
carbon in the exhaust increases rapidly in the full-load and over- 
load region. Fig. 2 shows that liquid fuel.in the exhaust de- 
creases with load. The obvious reason for the increased per 
cent carbon in the exhaust is overrich or locally overrich mixture, 
hot smoke. The obvious reason for the decreased liquid fuel in 
the exhaust at heavy load is the higher temperature and more 
complete ignition of the fuel, cold smoke. 

The authors have analyzed the exhaust products as they should 
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be analyzed by collecting the solids and the liquid in a condensing 
system. Those who try to apply a conventional gas analysis to 
Diesel exhaust get disappointing results. In a Diesel engine, the 
products of incomplete combustion are largely solids and liquids 
which cannot be caught by gas analysis. The percentage of CO, 
and CO in the exhaust is not a measure of thé combustion. 

It would have been helpful if in Figs. 1 and 2 the corresponding 
smokemeter readings had also been indicated, but they can be in- 
ferred from the fuel-air ratios. Anyhow, it is notable that it 
does not take much carbon or liquid fuel to cause bad smoke, only 
a fraction of a percent. In so far as the smokemeter is concerned, 
an innocent white smoke resulting from condensed water vapor 
can obscure the light rays and cause as high a smokemeter read- 
ing as a very black smoke. 

The writer disagrees with the authors’ interpretation of the 
observation that high-cetane fuels frequently increase the ex- 
haust smoke. They say that with high-cetane fuels “much more 
cracking” occurs due to thermal breakdown than with fuels hav- 
ing lower cetane number. The paper points out earlier that 
such cracking occurs early in the combustion cycle. However, 
smoke is more affected by what occurs late in the combustion 
cycle. High-cetane fuels behave in the indicated manner in the 
high-volatility range but, curiously, reverse themselves in the 
low-volatility range (Fig. 5). 

His preferred explanation is that extra-short ignition lags are 
conducive to smoke, irrespective of whether they are caused by 
high cetane number or by other factors, and suggested reasons 
for this are mentioned in a recent paper? on the subject. _ 

In a paper on Diesel combustion temperatures by Uyehara, et 
al,’ is shown the effect of inlet-air pressure on the beginning and 
end of combustion (radiation). When the air pressure was re- 
duced by 8 in. Hg, the ignition lag increased from 5 to 20 deg, 
but the shorter the ignition lag became the longer the combustion 
stretched out. When radiation began at 10 deg BTC (5 deg 
ignition lag) it ended at 82 deg ATC. When it began at 13 deg 
ATC, it was over at 59 deg ATC. A decrease in air pressure ac- 
celerated the combustion ignition. How do the authors explain 
this by their thermal cracking theory? 

The deciding factor probably is not how much cracking takes 
place but rather how late it occurs during the expansion stroke. 
With very short ignition lag, part of the fuel burns too late. 


R. J. GREENSHIELDS® AND L. S. Ecuous.? The authors men- 
tion the work of Tizard and Pye in connection with ignition 
quality. Since no discussion of Diesel fuels would be complete 
without an effort to present the whole picture in one piece, we 
show in Fig. 10 of this discussion an effort that we have made to 
do this. The plot of log (the ignition delay) versus the absolute 
temperature of the compressed mixture of fuel and air prior 
to self-ignition indicates by the straight dashed lines relations of 
the type obServed by Tizard and Pye, and also by Jost and Teich- 
mann. The lines have been drawn for 0- and 100-cetane fuel 
on the basis of compression temperatures for various compres- 
sion ratios for three conditions; steady running, starting at 32 F 
inlet temperature, and —40 F inlet temperature. It should be 
stated that the relations shown are simply ‘‘best guesses,” rather 
than rigorous experimental data. 

The heavy solid lines represent ignition delays of fuel sprays in 
bombs (at the lower temperatures) and in Diesel-engine combus- 
tion chambers. They are shown displaced from the prevaporized 
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fuels (dashed lines) toward higher temperatures by an amount 
necessary to correct for the heat of vaporization. Notable is the 
result, coming from studies at short delay periods, such as 
those of Rose and Wilson, that at delays below 1 millisec the 
deviations from the prevaporized fuel lines are very great. 
Indeed the slope of the heavy lines is such as to indicate that the 
ignition delay is controlled by rate of vaporization rather than 
cetane number in this region of time and temperature. Notable 
also is the position of the line for diethyl ether, indieating its 
superiority for low-temperature starting. It is believed that 
these relations, although approximate, are conducive to a clearer 
view of the whole problem and point the way to interesting future 
work. 

With reference to present trends in fuel-oil composition, it does 
appear that higher sulphur crudes and catalytic cracking may 
have their effect. The trend is certainly not toward a ‘‘chemi- 
cally pure” fuel of the type of the 100-cetane fuel we prepared 
some years ago. Diesel engines will continue to use, or possibly 
require, a ‘technical grade” product. ) 

As a matter of general interest, the effect of a catalytic-crack- 
ing operation on the hydrocarbon types present in a fuel oil is 
shown in Table 3 of this comment. Noteworthy is the fact that 
the paraffin content and sulphur content are little affected, while 
the naphthene content is diminished, and the aromatic content 
increases by roughly 15 per cent. ‘This apparent selectivity for 
naphthenes appears to be rather general.” In other respects it is 
dangerous to generalize regarding the effect of catalytic cracking, 
as shown by the data in Table 4, where the results of several 
different catalytic-cracking operations on a single charging 
stock are shown. 

Finally, it can be said that we cannot at present recognize the 
existence of a characteristic of a fuel which can be called ‘“com- 
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EFFECT OF CATALYTIC-CRACKING FUEL OIL 
Catalytice-cracked 


TABLE 3 
Full range 


SR gas oil product 
Gravity, APT 2.505 oo ena 33 26.5 
Refractive index......... >. ae 1 477 1,514 
Amtine point, deg'Goow.. se cee os ae os 67 50.1 
Bromine no....... ae eee e. 6 12 
Sulphur, per cent (weight)... .......- 0.96 0.99 
Aromatics, per cent (weight)... .. Keio 13 28 
Naphthehes, per cent (weight)........-.. 40 29 
Paraffins, per cent (weight).............. 47 43 
Pour point, deg F..... .... ae +5 —10 
Viscosity SSU at 100 F........ Ae © 40 538 
Molecular weight... .... Oi Ties ce ie 224 = 208 
Boiling ranve> deg Roo sews se 0 = Ce ee 464-623 478-640 


TABLE 4 RESULTS OF SEVERAL EN nee a OPER- 


ATIONS ON SINGLE CHARGING STOCK 
SR 

Ges OL Product. 
Gravity, APL22.i.8..5< 36.2 32.9 31.7 30.0 33.6 
Aniline point, deg C.... Chas 60.2 95.5 51.3 67 
Sulphur, percent (weight) 0.62 0.37 0.43 0.55 0.44 
Pouz point, deg F...... +15 +5 +5 m 0 mn 0 
Viscosity at 100 F, SSU 49.1 37. 35 33.8 36.3 
Boiling range, deg F.... 377-694 454-580 460-620 460-560 460-640 
Diesel index. ......<.-- ee 46.2 41.8 Secs 51.3 


bustibility.”’ Combustibiljty, if anything, is a. joint (fuel- 
engine-operating condition) phenomenon, and its problems con- 
tinue to be joint problems of the refiner, the equipment manu- 
facturer, and the engine operator. The fact that the combus- 
tion of present-day fuel oils, earlier forecasted as a difficult prob- 
lem, appears to have been solved in the domestic-burner field by 
suitable adjustments and minor design changes, is at least an 
indication of the importance of the equipment manufacturer as a 
factor in determining the combustibility of a fuel. 


L. C. Licuty.!®° The authors have done a good job in sum- 
marizing the problems associated with the use of Diesel fuels, 
and particularly in focusing attention on the desirability of a 
combustibility rating or a test procedure to determine the com- 
bustibility of Diesel fuels. It is interesting to note that numerous 
factors are mentioned affecting the combustibility of the fuel 
which might be classed as engine variables, such as the following: 


1 Engine output. 

Mixture formation. 

Air temperature and density. 
Time for combustion. 


He OO bO 


Items 1 and 2 involve the fuel-injection system and the com- 
bustion-chamber size and design, which includes the turbulence 
built into the engine. Item 3 depends principally upon the com- 
pression ratio and ambient conditions. Item 4 depends upon 
engine speed. It is true that some of the fuel properties are in- 
volved in the effect of all of these variables, but, since one fuel 
performs better than another in a given engine, it is not neces- 
sarily true that a change in engine or fuel-injection system design 
would not improve the performance of the poorer fuel as deter- 
mined in the given engine. 

It would appear that a test for combustibility of fuels in any 
engine would introduce the limitations of the various engine 
variables associated with that particular design, and the net re- 
sult might merely indicate which fuel best suits that engine. 
Hence would it not be desirable to rate the combustibility 
of fuels in a test device which would not introduce the limitations 
of the various engine variables? Then, if one understands the ef- 
fect of the various engine variables in restricting or promoting 
the mixing and combuStion of the various types of fuels, would 
it not be possible for the engine designer to modify his engine so 
that it would utilize efficiently the most available fuel even though 


it might rate lower than others on a truly comparative com- 
bustibility scale? 
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Obviously, engine tests must also be run and perhaps this is 
the best way to rate the combustibility of fuels. However, if 
engine tests were run with fuels of varying combustibility, deter- 
mined by some truly comparative method, it is thought that the 
tests should indicate whether the engine or the fuel is responsible _ 
for poor performance. This should point the way to better utili- 
zation of an available fuel. | 


R.B. Rice." The authors’ fine paper would tend to emphasize { 
certain phenomena which have been studied by engineers for 
many years with but a very small degree of success. Their con-— 
clusions still tend to indicate the inadequacy of the Diesel engine | 
as it is now designed and built in this country. | 

In this paper the authors show clearly the results of smoke as — 
correlated with bmep and/or air-fuel ratios. Most of the test 
data submitted apparently déal with the high-speed Diesel engine. | 
Assuming a rotative speed of 2000 rpm, the entire combustion — 
process, involving timing, injection of the fuel, breaking up of the — 
fuel into a fine spray or mist, mixing of that fuel with oxygen 
(air), ignition of the mixture and the process of combustion, is ex- 
pected to take place in a matter of 1/00 sec, as for example: 


1 


« 


2 
High-speed Diesel | 


Injection 
Spray 


= Diesel 
Mixing Low-speed Diese 


‘ 
| 
3 3 
0.0016 sec He 0.01 sec 
4 Ignition | 
5 Combustion 
For most discussions at this time involving the Diesel engine ap- 
proximately one half of the air in the combustion chamber is 
involved in the combustion process regardless of the type of fuel 
employed. It is doubtful that the petroleum industry can ever 
overcome this inherent weakness of the Diesel by any of the means 
discussed in this paper 
% 


F/A = for actual Diese’s 0.020 to 0.045 
F/A = ‘or theoretical Diesels = 0.066 


While it is granted that it would be highly desirable were the 
Diesel engineer able to procure from the oil refineries a better fuel, 
or if we had better test standards for our present fuels, there is 
need for a better knowledge as a result of more and better study 
of the fundamental combustion process. | 

Engine designers and fuel engineers need to meetonacommon ~ 
ground: (a) to understand better the economics of the petroleum 
industry from the standpoint of the fuels which are and will be 
available; and (b) to encourage builders to devote more study 
and research to the subject of combustion-chamber design as well 
as to the design of their entire fuel system. 

At present there appears to be a situation wherein the engine 
manufacturers build engines, combustion chambers, and fuel sys- 
tems and then hope that the oil companies can give them a satis- 
factory fuel. The outcome is rather apparent in the resulting 
bmep, air-fuel ratios, smoke limitation, and other factors as dis- 
cussed so ably by the authors. 

It is now beginning to look as though the supply of fuel oil will 
always be limited. If the Diesel is to survive, then it must be 
designed around those fuels which are already available. 

Smoke has always been a factor contributory to the Diesel’s 
unpopularity. While this paper shows only too clearly the in- 
fluence of fuel constituents on smoke, it might be well for scien- 
tists and engineers to study the other side of the problem, that 
is, the merits and virtues of combustion-chamber designs in terms 
of fuel characteristics. 

In Fig. 6 of the paper (for example at 60 bmep) is indicated a 
wide range of smoke conditions from 0.2 to 2.0 using two widely 
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different fuels in, it would be presumed, a given standard engine 
with apparently the same fuel system and combustion chamber 
for both fuels. It is evidently on the basis of smoke and incom- 
plete combustion that less than one half of the air in the combus- 
tion chamber is being consumed even in the case of A, the most de- 
sirable fuel. On the other hand, it is conceivable that a combus- 
tion chamber and fuel system could be designed around fuel B 
so that a resulting bmep in excess of 100 could be achieved with- 
out undue smoke. 

This contention is not too hypothetical if we analyze the basic 
Diesel cycle, using atmospheric intake and a compression ratio 
of 15 wherein the values are derived as given in Table 5. 


TABLE 5 FUNDAMENTAL DIESEL DATA 
(For 100 per cent air, 15 compression ratio, and atmospheric air intake) 


Fuel-air ratio = F/A = 0.006 
Ideal mep = Pm = 200 psi * 
Ideal indicated mep = Pmi = 170 psi 
Ideal brake mep = Pmb = 144 psi 


Concerning the starting of Diesels, and especially high-speed 
Diesel engines which operate on variable atmospheric conditions, 
due regard for this function must be observed by the engine 
manufacturers as well as the petroleum industry. 

The writer is certain the petroleum industry would receive the 
unlimited blessing of the engine designers and manufacturers if 
it could provide at crude-oil prices'a fuel oil which would enable 
prompt starting at low ambient temperature and operate with 
high fuel-air ratio without smoke, with a resulting high bmep, 
and with the absence of shock-loading due to too rapid pressure 
rise during the combustion period of any engine regardless of its 
combustion chamber or other peculiarities of design. 

On the other hand the petroleum industry can do better in pro- 
viding fuels for the Diesel engine even if, for the time being at 
least, it concentrates on the removal of the sulphur, which tests 
indicate is a most undesirable constituent and most harmful to 
the lubricant and bearings of the engine. 


F. T. Warp.!2. Others like the writer, who are in the Diesel 
bus transportation field, are well aware of the problems associated 
with Diesel fuels and Diesel engines and, being obviously con- 
firmed optimists, we scan every word on these subjects with a 
hope that sometimes seems to be more than human. 

It would seem that discussion of a paper such as this should be 
guided by three requirements: (a) are the conclusions based upon 
accurate data that are representative of field as well as laboratory 
conditions; (b) do the data and conclusions have what is called 
“practical” value; (c) do the conclusions cover all alternatives? 
If these three conditions are not met, then, while the paper may 
have great intrinsic worth, it falls short of reaching the ultimate 
goal of contributing to the better and more economical operation 
of Diesel engines—a goal that still seems quite distant. 

It is believed that the authors have fairly met two of these 
requirements in their paper. Their data certainly represent what 
those of us in the field observe, and their analyses of the data 
appear to be sound. Their comments on specifications are 
certainly of genuine practical value to the engine operator. 

If there is any room.for criticism of their efforts, it would 
appear to be in what they have left unsaid. It would have 
helped their paper had they stated somewhere that their data 
were based on tests made with conventional engines in which 
the fuel-injecting system was kept in as nearly perfect operating 
condition as it could be. One may say “‘but this is of course 
taken for granted.” It should not be so assumed (and perhaps 
is not in view of Table 1 of the paper), for the reason that regard- 
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paper, the task of maintaining injection systems in prime con- 
dition is one of the major problems associated with the use of 
Diesel fuels. The least neglect can largely vitiate any improve- 
ment in fuels or lubricating oils, no matter how great. 

For the same reason, it is felt that the conclusions should have 
included a section on engine and fuel-injection equipment im- 
provement. All of the conclusions have merit. The fifth, for 
example, calls for improvements in lubricating oils to offset 
the deleterious effects of sulphur. Should there not have been 
a sixth and alternative conclusion, especially in view of past 
history (wherein lubricating oil has been developed to be the 
“whipping boy”’ for many unsolved problems of engine design), 
requiring that improvement in engine design must be equally ac- 
celerated to the end that the high-speed Diesel may be made to 
operate reliably and cleanly whether or not new and more com- 
prehensive standardized tests, or new and better fuel-oil specifica- 
tions, or new and better fuel oils and lubricating oils are de- 
veloped. 


H. M. Gapresuscu.'? Every phase of technical development 
contains a period during which the empirical information is col- 
lected which, at some later date, may enable a qualified *mathe- 
matician to evolve an exact formula containing all pertinent fac- 
tors in their true proportions. 

The excellent presentation of a number of Diesel-fuel problems 
which the authors have given in their paper, may be taken 
as an indication that our understanding of the combustion 
phenomena in Diesel engines is approaching this final stage. 

All these seemingly unrelated problems we know to stem from a 
common source, e.g., incomplete fuel oxidation, and while the 
formula by which they may be reduced to this common de- 
nominator is still unknown, a survey of our present standing 
with regard to each individual problem fulfills the purpose of 
bringing us one step closer to the ultimate solution. 

Analysis of the exhaust products as an indicator of proper fuel 
combustion has been used by the heat-generating industries for 
a long time. 

If the combustion occurs under controllable conditions, such an 
analysis and the measures to correct combustion faults are rela- 
tively simple routine procedures. If, however, fuel oxidation 
must take place under the adverse conditions prevailing in fuel- 
injection engines, a multitude of intermediate as well as end prod- 
ucts may be formed which defy most methods of analysis. 

Varying depth of fuel penetration into the air charge, stratifi- 
cation of the resulting mixture, chilling and incomplete vaporiza- 
tion of some fuel, varying ignition delay, and cooling of burning 
mixture with subsequent soot formation are but a few of the 
handicaps which we know liquid fuels to be faced with in the 
combustion chambers of an engine. i 

By the time we can recondense the intermediate combustion 
products from the exhaust gases, many of them will have changed 
their state to such an extent that any attempt to conclude what 
they might have been in the combustion chambers would be mere 
speculation. 

It is probably for these reasons that the authors have limited 
themselves to the analysis of three main groups of offenders, 
namely, solid carbon, unburned hydrocarbons, and aldehydes. 

Better knowledge of the effects of these three groups is badly 
needed. Besides producing the obviously noticed exhaust smoke 
and odor, some of these by-products of incomplete combustion 
also contribute a good share to the deposits found on engine parts 
and thereby to a shortening of the operational life. 

Smoke in any form, whether it be of the whitish-blue variety 
which Professor Schweitzer has so significantly christened “cold 


13 Engineering Department, Detroit Diesel Engine Division, Gen- 
eral Motors Corporation, Detroit, Mich. 
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smoke,” or of the gray-black kind associated with solid carbon 
particles, is but an outward manifestation of the same engine 
ailments which produce worn cylinder liners, broken compression 
rings, sticking exhaust valves, and many related engine troubles. 

Too little attention has been paid in the past to this phase of 
the fuel problem. 

Under adverse conditions, unburned or partially burned fuel 
may be noticed visually in the form of smoke but even in the 
normal load range where the exhaust is apparently clean, fuels 
of different chemical composition have been found to possess 
widely varying deposit-formation characteristics. 

The amount of fuel which is not completely converted into 
heat is very small and amounts usually to less than 0.1 per cent of 
the total fuel consumed. 

Incomplete combustion of this magnitude, therefore, does not 
show up as excessive fuel consumption and cannot be discovered 
in indicator diagrams. : 

Observation of fuel deposits has thus become a time-consuming 
and costly project which is commonly moved from the laboratory 
to some field operation. 

With recondensation of the exhaust products, the authors de- 
serve full credit for the development of a new and unique method 
which may enable us to bring ‘tests of this type back into the 
laboratory where they belong. Particularly interesting among 
the results reported is the clearly noticeable reverse tendency of 
solid carbon formation versus unburned hydrocarbon shown in 
Figs. 1 and 2 of the paper. 

While the latter increase with decreased load or low fuel/air 
ratios, carbon soot formation rises rapidly as the load is increased 
beyond a certain point. 

If the authors had amplified these data by showing the corre- 
sponding results at both low and high speeds, the prevalence of 
unburned hydrocarbons at low-load low-speed operation and 
that of solid carbon at the opposite end of the operating range 
would have become still more obvious. 

The adverse effect of soot due to engine overloading on smoke 
and deposit formation is well known by most operators but the 
insidious part which unburned hydrocarbon fractions play with 
regard to deposits formed at light loads is generally still under- 
rated. 

The testS conducted with fuels of different boiling ranges and 
cetane rating are another real contribution of this paper. 

On the basis of field experience, particularly with western 
“stove fuels,” we have advised our customers for many years to 
employ lower boiling fuels wherever satisfactory ignition quality 
could not be obtained. 

This purely empirical recommendation could not be more 
plainly illustrated than with the laboratory data shown by the 
authors in Figs. 5 and 6. This information will go a long way 
toward changing the thinking of quite a few people in the pe- 
troleum industry. 

Keeping in mind that the smoke scale is but another expression 
of engine deposits and operational life, it would appear from these 
curves that if we have to live with a minimum cetane rating of 40, 
suitable fuels for high-speed Diesel engines will have to be limited 
to a final boiling point of around 600 F. 

If, on the other side, our customers are to have the advantage of 
the inherently better economy of the heavier fuel grades, the ig- 
nition quality should not be dropped below about 50 cetane. 

As the authors have pointed out in their conclusions, Diesel-fuel 
specifications so far have been limited to a number of properties 
which experience had proved to be of some influence. 

The chemical side of the fuel and particularly its combustibility 
have been sadly neglected, simply because the related industries 
did not know much about it. 

Flame-temperature measurements and condensation of exhaust 
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products will be of great help to further our combustion knowl- 


edge. 
Availability of these new tools and further pursuit of the in- 
formation given in this paper may soon enable us to w rite Diesel- 


fuel specifications containing all factors important for Diesel-en- 
gine operation. 
AvuTHORS’ CLOSURE 


The authors agree with Mr. Moore’s general observation that 
development of mechanical features of engines aimed toward im- 


proved mixing of fuel and oxygen is of importance. However, it 


should be pointed out that there is a practical limit, for each en- 
gine, beyond which improved mixing may become harmful be- 
cause of excessive rates of combustion, such as those occurring 
under conditions approaching incipient detonation. Develop- 
ment in this direction must therefore include an accompanying 
improvement in mechanical features for controlling and limiting 
the rates of fuel introduction so that combustion rates are held to 
suitable values. 


Mr. Bryan affirms the need for developing Diesels suited for — 


operation on less favorable fuels than those which have been more 
generally available in the past. This indicates an important 
challenge to Diesel manufacturers. Improvements in this direc- 
tion are to be expected with time. It should also be noted that 
since the Diesel provides power services of important economic 
value to mankind, there is a still broader challenge to both the 
Diesel builders and Diesel-fuel producers to co-operatively de- 
velop sound economic Diesel mechanisms and the newer fuels 
suitable for operating these engines. The fine spirit of co-opera- 
tion now existing holds promise of favorable developments. 

Professor Schweitzer asks how we would explain results of 
Uyehara, et al, on the basis of thermal cracking. Values taken 
from the original paper are listed in the following table: 


Normal intake pressure 8” Hg vacuum 


Injection begins 15°-BLe 15° BTC 
Radiation begins 5° BRE 142 ATG 
Injection ends LSS ATES 13° ATC 
Radiation ends 82° ATC 59° ATC 
Ignition delay 19° 29° 
Duration of injection 30° 28° 
Fuel injected before ignition 1/5 . All 
Flame duration 87° 45° 


From this table we can see that at normal intake pressure 
two thirds of the fuel is injected into a burning mixture; hence it 
would, be subjected to much thermal cracking early in the com- 
bustion cycle and there would be large quantities of soot pro- 
duced. It takes a long time to burn this soot as indicated by the 
end of radiation at 82 deg ATC. At reduced pressure all the fuel 
is in the combustion chamber before it ignites. In this case, 
better mixing of the fuel and air causes a greater part of the fuel 
to burn directly with less thermal cracking. This fuel-air mixture 
burns in a shorter time as indicated by the end of radiation. The 
rate of burning in the latter case is higher, and much more com- 
bustion sound is associated with this type of burning. 

Messrs. R. J. Greenshields and L. S. Echols affirm the general 
conclusion that ignition quality of the fuel, as indicated by the 
cetane number, has played an important part in helping to ex- 
plain combustion phenomena. Since the cetane number of the 
fuel is obtained under carefully prescribed inspection test condi- 
tions, such ratings are applicable only under the particular con- 
ditions used as basis of test. Paralleling this, the authors are 
proposing that a carefully prescribed set of inspection test con- 
ditions be developed for determining what may be called the 
‘Diesel-fuel combustibility characteristic.” The ratings obtained 
in such a manner would be useful in helping more intelligently to 
classify ranges of fuels for the different engines under various 


_ Service conditions. 


Comments by Messrs. Greenshields and Echols present data 


re 
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which contribute valuable information on initiation of combus- 
tion, and the authors hope that this will be expanded and pre- 
sented in the form of a technical paper. In this event it is sug- 
gested that the data on the graph be reformulated on several 
graphs to emphasize more fully this important information. 

The comments given to the discussion of Messrs. Greenshields 
and Echols also apply to the discussion presented by Dr. Lichty. 
The development and use of the “Diesel fuel combustibility char- 
acteristic” as obtained by a particular set of test conditions is much 
_ the same as the development and use of the cetane number as a 
measure of ignition quality. Once the combustibility rating of a 
given fuel is determined by 4 prescribed set of test conditions the 
fuel can be operated in the field and in this manner the com- 
_ bustibility in a particular engine would be evaluated. It would 
then be possible to use this combustibility index in the future 
- engine designs. 

A point brought out by Mr. Rice is one which many of us may 


minimize. This is the time factor allowed for combustion in the © 


Diesel engine. Effective combustion may end 60 deg after top 
center, but there are remnants which continue to burn for a 
longer time. Conditions of afterburning contribute to smoke. 
Mr. Ward inquires as to the mechanical condition of the engine 
used for our tests. Laboratory engines were used for our tests. 
These engines are kept in good mechanical condition. Single- 
cylinder engines, such as used for our tests, have operating char- 
acteristics consistent with conventional multicylinder engines of 
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the same cylinder size. Small-bore engines were used in these 
tests as a matter of convenience. It is to be expected that the 
fundamentals apply to all engine sizes and all types of combustion 
chambers. ; 

Mr. Gadebusch desires a mathematical formula for evaluating 
Diesel combustion. We are in accord with this view and hope for 
developments in this direction. This would be expected to help 
us to alter engine design to meet requirements of fuels of various 
compositions. 

Knowledge of the relationships between fuel and lubricating- 
oil characteristics and engine deposits is not very well developed. 
When such relationships are well formulated we will have made a 
great step forward in the direction of advantageous interrelation 
of fuel oil, lubricating oil, and engine. Development of the “Diesel 
fuel combustibility characteristic’? advocated by the authors 
would be expected to be an important step in this direction. 

It seems that there is a need for a measure of the Diesel fuel 
combustibility characteristic just as there was a need for a meas- 
ure of ignition quality. The cetane-number method of ignition 
rating has proved to be a most useful measurement. Similarly, if 
a Diesel fuel combustibility characteristic were made available, 
it could be used to advantage in Diesel fuel evaluation. 

The authors are particularly pleased with the stimulating dis- 
cussions presented and they hope that an experimental procedure 
for measuring the “Diesel fuel combustibility characteristic’ 


will soon be in the offing. 


f? 


y): 


BY 


AgMechodof Conrelating Axial-Flow: 


Compressor Cascade Data 


By HUNT DAVIS,! JEANNETTE, PA. 


This paper describes a method of correlating wind- 
tunnel tests on axial-flow-compressor cascades. The use 
and construction of two charts for the NACA four-digit 
airfoil series are described. The charts relate the three 
cascade quantities; camber, solidity, and stagger angle 
with two flow angles; the entrance angle, and the turning 
angle, for low Mach numbers. When four of these five 
variables are given, the fifth is determined. A simple com- 
putation procedure to correct the solution for a high sub- 
sonic Mach number is given. The profile drag does not 
enter the correlation scheme directly but an approximate 
guide is indicated on the charts. 


NOMENCLATURE 


FEW airfoils in cascade are shown schematically in Fig. J, 
in which the nomenclature is defined. The nomencla- 
ture is also given as follows: 


a, = entrance angle of flow, deg 
a2, = discharge angle of flow, deg 
Aa = turning angle, or deflection of flow, deg 
y = stagger angle of cascade, deg 
ce = chord of airfoil, in. 
6 = deviation angle of flow, deg 
zt = incidence angle of flow, deg 
My, = entrance Mach number 
Mz, = discharge Mach number 
o = solidity of cascade, c/t 
6 = camber angle of airfoil, deg 
t = pitch of cascade, in. 
II, A, # = cascade parameters ~ 
Subscripts: . 


at low Mach number, M < 0.4 
at Mach number, M > 0.4 

= entrance conditions 

= discharge conditions 


ll 


meio 
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INTRODUCTION 


In the stagesby-stage design of an axial-flow compressor, the 
designer continually faces the problem of selecting appropriate 
airfoil cascades to match a set of predetermined velocity dia- 
grams. He may use any of several approaches: 

1 The calculation of a cascade design using perfect fluid 
theory modified by ‘experience factors,” such as the Eckert- 
Weinig method.? 

2 The application of data obtained from stationary cascade 
tests, modified to include accumulative three-dimensional ef- 


fects. 


1 Division Engineer, Elliott Company. Jun. ASME. 

2 “Berechnung und Auslegung des Laders zum Motor 9-900 VI, 
(Motor D),’’ by B. Eckert, FKFS Stuttgart, 1945. 

Contributed by the Gas Turbine Power Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tar AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. Paper No. 48—A-81. 
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Fic. 1 Prorine aNnD CascapE NOMENCLATURE FOR AXIAL-FLOW- 
CoMPRESSOR CASCADES; Two-DIMENSIONAL 


3 The application of data obtained from rotating-cascade 
tests, modified to include accumulative three-dimensional effects. 


All three of these approaches have been used successfully by 
various designers at one time or another. Method (1) has the 
advantage of simplicity, and the major weakness of applying an 
“experience factor’? that is expected to cover a multitude of 
errors. Method (3) undoubtedly gives the most accurate and 
most directly applicable data with respect to the design of a ro- 
tating machine. However, the data are obtained slowly and 
usually at great cost. The instrumentation problems involved 
with a rotating-cascade test-rig program are much more exas- 
perating than for the corresponding stationary-cascade type. 
Method (2) has beeh at a disadvantage because of the lack of cor- 
relation methods between the variables involved. The design 
data therefore have been voluminous and many different cas- 
cades have had to be tested individually. ; 

This paper describes a method whereby two charts are used to 
determine the ‘incidence angle versus turning angle” curve for 
any cascade using airfoils of one particular family. Such a chart 
obviously reduces the need of testing great. numbers of different 
cascades because it has continuity in all the variables; and a 
limited number of tests covering the range of all variables serves 
to construct the chart. . 

In applying the results of any stationary-cascade tests to the 
design of a compressor, the designer must remember that the 
flow pattern in a stationary cascade is essentially two-dimensional; 
whereas in the machine, there are important three-dimen- 
sional effects. These arise directly from the centrifugal accelera- 
tions involved, and take the form of radial displacements and 
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vortexes due to boundary-layer formations. These secondary- 
flow phenomena are difficult to analyze, either experimentally or 
analytically, and many designers choose to lump all such extrane- 
ous effects into a correction factor, which is applied to a design 
method based fundamentally upon stationary-cascade tests. 

The purpose of this paper is to present a new method for cor- 
relating the characteristics of airfoil cascades. Two charts are 
developed which relate the camber, solidity, and stagger of the 
cascade, and the entrance angle and turning angle of the flow. 
When four of these variables are given, the fifth may be quickly 
found from the charts. These charts were made from tests on 
about forty different cascades at low Mach numbers, with a 
Reynolds number of about 2 times 10°. 

The use of the chart can be extended to apply for any subsonic 
Mach number by Prandtl’s correction, as used by Eckert.? 


User or CoRRELATION CHART 


The charts have been constructed for airfoil profiles belonging 
to the NACA four-digit series,? and may-be used directly for 
Mach numbers less than 0.4. For greater subsonic Mach num- 
bers, some slight corrections will be made. 

In the stage-by-stage design of a compressor, the blade-setting 
problem is usually either of the following: 


(a) Given entrance and turning angles, solidity, and camber; 
to find the stagger. 

(b) Given entrance and turning angles, solidity, and stagger; 
to find the camber. 


If the Mach numbers are low, the process is: for (a); locate 
the point X on Fig. 2, from the entrance angle and turning angle. 
Find the II value associated with the camber and solidity of the 
cascade from Fig. 3. Select the correct HJ line on the right-hand 
set of lines in Fig. 2. By trial and error, find a straight line that 
passes through X and intersects the correct II line at the same 


3 “*The Characteristics of 78 Related Airfoil Sections From Tests 
in the Variable Density Wind Tunnel,” by E. N. Jacobs, K. E. Ward, 
and R. M. Pinkerton, NACA Technical Report no. 460, 1933. 
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Fic. 3 CascapE PARAMETER II Versus CAMBER AND SOLIDITY 
(NACA ‘“‘four-digit”” family of profiles.) 


stagger value as the intersection of the straight line with the 
extreme left-hand stagger curve. . 
For example: Given a: = 38 deg, Aa = 28 deg, @ = 34 deg, © 


o— eo! 


Point X, Fig. 2, is located by a: and Aa. 


Il = 2.25. 
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From Fig. 3 we get — 


The straight line through X, giving the solution, is 


that which at Z reads IT = 2.25, yo. = 30 deg, and at ¥ reads 
yo = 30 deg. Hence the correct stagger to satisfy the required 


conditions is 30 deg. 
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For conditions (6), the process is similar except that the 
Straight line is determined by X and Y, Fig. 2, and the correct 11 
value is read from the Z-intersection with the 30-deg stagger 
line. The correct camber is then found from the curves in Fig. 3. 
| The path of the X YZ line through the central field in Fig. 2 rep- 
resents the turning angle versus entrance angle characteristic of 

the particular cascade. 

If the Mach number entering the cascade is greater than 0.4, 
the following sequence of calculations is used: 

Let us assume that the following values are known: 1 = 
inlet angle, Aa = turning angle, #,, = camber angle, « = solidity, 
~M,, Mz = Mach numbers. 

For M: > 0.4 correction factor?/ 1 — M,? is multiplied with 
1 to give the correct incidence, i,,. In other words 


Similarly, the deviation is 


Se tkdy A/D Myhi ess sue] 


For a reasonable approximation, we can assume that 
(6) — 1%) ~ 8 deg, which leads to 


ae Py me BIE = A/1 = "M,M;), dec... 0a. (3] 


_ which is the small correction necessary for camber angles. 

The problem is to find the appropriate stagger angle y,,. 

4 is determined from Equation [3]. With this value of 6, 
and knowing «, a Il value is found from Fig. 3. We now use the 
chart in Fig. 2 to determine the stagger value yo, associated 
with 6and M = 0. From 4 and yo, we calculate 
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This method of correcting the incidence and deviation for 
Mach number is due to Eckert.’ 
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Discussion or THEORY OF CORRELATION-CHART 
CONSTRUCTION 


The correlation chart, Fig. 2, is based on the premise that for 
any one cascade (camber, solidity, stagger all given), there is a 
linear relation between the cotangents of a1 and a», as the en- 
trance angle varies. This is exactly true for incompressible per- 
fect fluids, as shown in the Appendix. 

With this principle in mind, the results of tests on many cas- 
cades at low Mach numbers were plotted with cot a1, as a function 
of cot as. : 

In Fig. 4 are shown some of the straight lines obtained by 
these tests. A few characteristic test points are shown to illus- 
trate the agreement with linearity. 

It is to be noted that all the lines representing tests made at one 
stagger, regardless of camber and solidity, pass through one 
point on the left side of Fig. 4. f 

On the other hand, one camber and one solidity, tested at 
different staggers, produced the lines A, B, and C in Fig. 4. 

In order to define the slope of a particular line, a function of 
camber and solidity niust be used. 

From the test data it was seen that there are sets of camber 
and solidity values which have the same aerodynamic character- 
istics for the same stagger. Hence the curve A, Fig. 4, does not 
define uniquely one camber-solidity combination. For example, 
for any one stagger in the working range, the combination 0) = 
30 deg, « = 1.0, and the combination 6) = 35 deg, o = 0.86 are 
identical with regard to their turning angle versus entrance 
angle curve. This means that a parameter II can be invented 
and defined te be identical numerically for such pairs of camber 
and solidity values. ‘ 

Referring back to the A, B, and C-lines, we can lay out a stag- 
ger scale on the right side of Fig. 4, and note the respective 
intersections, a, b, and c. These points must now all be on one II 
line, by the definition of the Il parameter. All the pairs of cam- 
ber and solidity values which perform similarly to the A, B, and 
C-lines, are plotted in Fig. 3 on one constant II line. 

The complete chart in Fig. 2 was constructed from turning 
angle versus entrance angle test data covering the following 


ranges: 
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Camber—27 to 62 deg 
Solidity—0.7 to 1.4 
Stagger—22 to 51 deg 


These test data were checked against calculated cascade per- 
formance,? and the agreement generally was good. Hence the 
range in Fig. 2 was extended beyond the test-data range by the 
calculation methods given by Eckert.2 The camber range was 
extended down to 20 deg, and the stagger range up to 60 deg. 

One question that must be considered in using these charts 
is the relation between the turning angle and profile drag. Na- 
turally, it is desirable to keep the profile drag as low as possible. 

By examining the test data on loss coefficients, it was seen that 
a region could be “mapped i in Fig. 4, inside of which the profile 
drag was less than approximately twice its minimum value. This 
region is shown in Fig. 2. Values of a:, and Aa lying inside this 
region are associated with cascades having low profile drag ee- 
efficients. This low drag area concept is not rigorous, but seems 
to work satisfactorily in predicting the regioris of low profile loss 
for the combinations of camber and stagger likely to occur in 
practice. For many cascades there is a degree of correlation 
between the profile loss and the incidence angle. This could be 
explored further. 


CoNCLUSION 


In conclusion it should be pointed out that the correlation 
chart would be more useful if the stagger range were increased. 
It would also be of interest to attempt to make such a chart for 
profile families other than the NACA four-digit series. The 
author has been unable to explain the observed formation of 
intersections along the left-hand stagger curve in Figs. 2 and 
4, which is one major key to the simplification produced by this 
correlation method. 


Appendix 


Proof is given for incompressible perfect fluids, which shows 
that for a given cascade, as the entrance angle of the flow is 
changed, there is a linear relationship between cot a; and cot as. 

Consider the cascade shown in Fig. 5. For a purely axial enter- 
ing velocity of unit magnitude, the discharge velocity will have 
an axial component of unit magnitude and a tangential com- 
ponent of magnitude X, Fig. 5(a). For a purely tangential enter- 
ing velocity of unit magnitude, the discharge velocity will be 
purely tangential, of magnitude u, Fig. 5(6). By superimposing 
unit axial velocity and & times unit tangential velocity, as in 
Fig. 5(c), the discharge velocity will be as shown, with unit 
axial component, and (ku + 2) for the tangential component. 
We now have, for Fig. 5(c) 


Cot a =k 
Cot a = ku +X = unoota, +r 


in which » and D are constants identified with the cascade.* 


Discussion 
? 

J. R. Bressman.' This paper is an empirical approach to the 
problem of determining the proper relationships for axial-flow- 
compressor blade cascades. When compared with theoretical 
investigations dealing with this problem, it is unique in that only 
purely physical quantities are considered rather than such mathe- 
matical tools as the mean streamline, equivalent vortex, source- 


‘This proof was advanced by Dr. A. Vazsonyi, formerly of the 
Elliott Company. 

5 Research Engineer, Aircraft Gas Turbine Division, De Laval 
Steam Turbine Company, Trenton, N. J. 
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and-sink strepgths and distributions, and the resulting incidence 
and deviation angles. However, care must be taken when it is 
desired to systematize and simplify the solution of such a com- 
plex problem as the flow in an axial-flow compressor. 

Obviously, it is the goal of every axial-low-compressor design 
to perform the compression required in the most efficient man- 
ner or with a minimum of losses. In this case it is impossible 
to choose arbitrarily the four quantities, entrance and turning 
angles, solidity, and camber. For fixed quantities of the two 
independent variables, entrance and turning angles, there is an 
optimum value for the solidity, camber, and stagger, each of the 


latter group being related for maximum efficiency. It is true- 


that when a designer is limited by economic considerations such 
as the necessity of having all stages of a design with the same type 
of blades, the camber also becomes an independent variable. 
However, it must be expected under these cireumstances, that 
all stages will not work at equal efficiency. With the proper em- 
phasis on compressor efficiency, the importance of the lines in 
Fig. 2 of the paper, showing the limits of low profile loss, can be 
recognized. 

With regard to Fig. 2, the limit line on the left indicates that 
for an inlet angle of 45 deg, deflection angles of 4 deg to approxi- 
mately 12 deg can be accomplished only with high profile drag 
coefficients. There-is no apparent reason why this condition 
necessarily exists. ; 

It might also be pointed out that the definition of incidence 
and deviation angles given in Fig. 1 of the paper, is limited to 
the case of a circular are or other symmetrical camber line in 


which the inlet and outlet blade angle equals one half the camber 
angle. 
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AuTHoR’s CLosuRE 


Mr. Bressman is entirely correct in emphasizing the importance 
of profile drag in applying cascade data to compressor design, 
and his remarks about the optimum solidity, camber, and stagger 
are pertinent. However, the author knows of no correla- 
tion system that defines the optimum cascade for a given ap- 
plication, 

The method described in the paper supplies all the information 
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for design except the profile drag. This means that several trials 
of camber, solidity, and stagger may be necessary to find one with 
satisfactorily low drag losses. But, even so, the method proposed 
offers a rapid means of selecting values of camber, solidity, and 
stagger that will match the velocity diagram. 

In addition, we have a convenient means of calculating off- 
design characteristics by using the straight line Y-X-Z, Fig. 2, to 
represent the cascade performance with varying inlet angle. 
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GinicdeDevolatheation.of Coal for Power- 
Plant Practice 


By ALAMJIT D. SINGH? ann LESLIE J. KANE,’ CHICAGO, ILL. 


A brief review on the desirability of burning char in 
central power stations and the technical as well as eco- 
nomic factors which prevented the development of a 
satisfactory process in previous years for the production 
of char, are given. Application of the fluidization process 
to devolatilization of coking bituminous coal is described, 
and specific results are presented on Kincaid coal from 
seam No. 6, Christian County, central Illinois. Composi- 
tion, yield, and physical characteristics of the important 
products obtained in fluid devolatilization of Kincaid coal 
are given to facilitate technical and, to a certain degree, 
economic evaluation of the process. Reference is made to 
other recent developments which are expected to play an 
important role in the successful application ofthis process 
in steam and power-generating stations. 


HE direct combustion of high-volatile coal for the pro- 

duction of heat energy has long been regarded as subject 

to certain drawbacks. Principal objections to direct com- 
bustion have been (a) atmospheric pollution in large industrial 
areas; (6) loss of valuable products of industrial importance 
through the combustion process; (c) low rates of heat release per 
unit volume of furnace; and (d) the loss of latent heat of water 
vapor resulting from the combustion of hydrogen in coal. 

During the decade following World War I, considerable engi- 
neering talent and funds were spent on the attempted develop- 
ment of a satisfactory process for the production of power char 
from agglutinating bituminous coals. Gentry (1)4 in summariz- 
ing the work of several investigators in low-temperature coal 
carbonization concluded that power char possessed certain dis- 
tinct advantages over raw coal as a fuel. The advantages cited 
by Gentry are as follows: : 


1 Power char is spongy and easily friable. In comparison to 
coal, in the pulverization step the power requirement would be 
20 per cent less and maintenance generally lower due to de- 
creased abrasion. , 

2 Higher rates of combustion with a considerably shorter 
flame, resulting in increased furnace capacity. 

3 Saving of 4 to 5 per cent in fuel due to appreciably lower 
hydrogen content of the char and reduced surface moisture. 

_4 Char is considerably more free-flowing compared to coal in 
pulverized form, thus simplifying the handling problem. 

5 Danger of spontaneous combustion is almost entirely 
eliminated. 


Soule (2) studied the economics of pulverized-coal carboniza- 


1 This paper is based on the work done for the Illinois Coal Products 
Commission, Springfield, Ill. 

2 President, Singh Company, Chicago, III.; formerly Research En- 
gineer, Institute of Gas Technology. Mem. ASME. 

3 Chemical Engineer, Bureau of Mines, Morgantown, W. Va.; for- 
merly Associate Chemical Engineer, Institute of Gas Technology. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Fuels Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 16-19, 1947, of THE AMERICAN 
Socrpry or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


tion in power plants and concluded that both from a standpoint 
of initial investment and net savings, it offered interesting pos- 
sibilities. For instance, this authority gave $1000 per net ton 
of raw coal per day as the investment cost for the carbonizing 
plant and indicated that after making due allowance for by- 
products, the net cost per ton of power char avould be $2.85, as 
compared with $4.50 per net ton of raw coal. These estimates 
were based upon price levels prevailing in 1928. Similar conclu- 
sions were drawn by other investigators, and before engineering 
conservatism had the opportunity to raise a note of caution, the 
“gold rush” was on. As a result, several costly experiments 
on a large scale ended in complete failures. In general, the 
reasons for such failures were twofold; (a) technological and 
(b) economic. 

The equipment used in low-temperature carbonization was 
usually cumbersome and owing to a small temperature gradient 
between the heated walls of the carbonizing chamber and the 
coal charge,, the production rate was low in comparison with 
high-temperature carbonization. This was especially true where 
a lump semicoke was the desired product. In order to overcome 
the disadvantage of low heat-transfer rates, attempts were made 
to carbonize pulverized coal for power-plant use by dropping it 
down vertical retorts countercurrent to the ascending gases and 
vapors. Systems involving both indirect and direct heat transfer 
were employed. In each case, no improvement in heat trans- 
fer was noted, however, because of the insulating gas film sur- 
rounding each tiny coal particle. Actually, the heat-transfer rates 
were found to be less than in systems used for producing lump 
semicoke. Still another difficulty encountered was the inability to 
keep gas off-take systems from plugging due to deposits formed 
by coal particles and condensing tar vapors. 

It was hoped by the proponents of low-temperature carboniza- 
tion that smokeless semicoke would compete with raw coal on the 
market, with the gas and tar by-products absorbing all the oper’ 
ating costs and yielding a certain margin of profit. Actually, this 
hope was not realized because the yield of gas was relatively low, 
and there were no existing markets for the low-temperature tar. 

Changed economic aspects of coal in relation to other com- 
petitive fuels and certain recent developments in engineering 
techniques have again revived interest in the problem of power 
char production. With increasing production costs of coal, it 
has become necessary to consider some method of processing it 
which would yield by-products absorbable on the existing markets 
and produce a power char costing less than raw coal to generate 
a kilowatthour of electrical energy. Increasing public demand 
for cleaner air in urban areas is another factor responsible for 
current interest in rendering coal smokeless prior to its com- 
bustion. 

Several new engineering developments, which have either been 
applied successfully on a commercial scale or show a good promise 
of practical application are expected to have an important bear- 
ing on the problem of char production and utilization. One of 
these developments is the fluidization process used extensively by 
the petroleum-refining industry in the production of high-octane 
gasoline, and which has been studied at The Institute of Gas 
Technology (3) for application to devolatilization of bituminous 
coal. 


957 


958 


Another development which has been studied at The Institute 
of Gas Technology is the flash pulverization of coal and other solid 
substances (4). The flash-pulverizer system has been modified 
to incorporate a “‘cyclonizer’”’ chamber, of which the pulverizing 
nozzle is an integral part. By introducing hot combustion gases 
into the cyclonizer, char may be flash-pulverized so that about 
80 per cent of the product will pass a 325-mesh screen. Hence 
this method shows promise for utilizing char in existing pulverized 
fuel installations. 

In addition to the foregoing developments, the successful 
application of the cyclone-type furnace (5) at the Calumet Sta- 
tion of the Commonwealth Edison Company in Chicago, is con- 
sidered highly significant with respect to the possibilities in the 
burning of hot char coming from the fluid devolatilization of coal. 

Originally the object of the fluid devolatilization of bituminous 
eosl, as carried out at The Institute of Gas Technology, was to 
produce a char as a substitute for low-volatile Pocahontas coal 
used in the production of metallurgical coke. Recently this 
study has been extended further to explore the possibilities of 
power char production, the results of which are described in this 
paper. 


EXPERIMENTAL EQUIPMENT AND PROCEDURE 


Partial devolatilization studies on Kincaid coal from central 
Illinois were carried out in the fluid char maker and the by- 
product reeovery train shown in Fig. 1. The retort consisted of 
a stainless clad steel cylinder, 6 in. in diam and approximately 
6 ft high. An electric furnace equipped with a power-input con- 
trol system to maintain uniform temperatures, was used to trans- 
fer heat through the retort walls to the fluid bed of char. At the 
bottom of the retort a connection was provided for blowing in the 
raw coal and steam continuously. A side arm near the upper end 
of the retort formed an outlet for the char and gaseous products, 
and was connected to two electrically heated cyclones in series 
for separating the char from the tar vapors and other gases at 
high temperatures. Following the second cylone were two tubu- 
lsr surface condensers in series, with a tar receiver under each 
condenser. For final cooling of gas and condensing of tar vapor, 
& water-spray condenser was provided. A packed column was 
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installed after the second surface condenser to remove entrained 
mist of water and tar, and a dry meter was used for measuring 
the volume of gas liberated during devolatilization of coal. 

When making char, the feed consisted of a 50-50 mixture of 
eoal and char, crushed to pass a 20-mesh U.S.S. sieve and super- 
heated steam was used as the fluidizing medium. Temperature 
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measurements were taken on the retort wall, at various levels in 1 


the fluid bed, on the walls of the cyclones and char receivers, and 
at a point immediately before the dry meter. Pressure taps were 
located at the bottom and top of the retort, after each of the 
two cyclones and at a point just before the dry meter. By ob- 
serving carefully the pressures at the various points indicated, 
it was possible to ascertain whether or not the operation was pro- 
ceeding smoothly. 

The coal used-in this entire investigation was obtained from the 


Peabody Coal Company Mine No. 9 in central Illinois. Its 
average composition is shown in Table 1. 
TABLE 1 PROXIMATE ANALYSIS OF KINCAID COAL SAMPLE 
AS RECEIVED ; 
Moisturé, pet eente: . ssasc kay asks SoS See oos eae - 6.86 
Volatile matter, per oont... 06. ccc ew ce emetic 33.68 
Fixed carbon, per centes. 65 ei slew. a Jeep emsein ones <% 45.00 
ASH DEE QODE aces ae chink Ge cae Soret ee eee ene ee 14.46 
Sulphur percent.2 fs ASS ONE RS 3.33 
Btu per lb (dry basis)ckx cg cs tanec a cas Sel 11330 


Production of Char. Fluid-devolatilization studies on this coal 
were carried out in a temperature range of 752-1472 F (400-800 
C). A 50-50 mixture of crushed coal and char (—20 U.S.S. 
sieve) was successfully used up to a temperature of 932 F (500 
C), but above this temperature operating difficulties due to 
agglomeration of coal particles were encountered. In order to 
extend the temperature range beyond 932 F (500 C), it was found 
that a partial reduction in the agglomerating property of raw coal 
was desirable before admitting it to the fluid bed for devolatiliza- 
tion. Fluidization of raw coal with air at 536 F (280 C) for short 
periods gave a satisfactory reduction in its agglutination. The 
coal sample so oxidized was then successfully devolatilized in ad- 
mixture with an equal weight of char up to a maximum operating 
temperature of 1472 F (800 C). 
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“Matter of the char product was less than 2 per cent. A summary 
of results in the afore-mentioned two temperature ranges is given 
in Tables 2 and 3. 

The char product at 932 F (500 ©), contained approximately 
12 per cent volatile matter, 15 per cent ash, 2.88 per cent sulphur, 
and slightly over 1 per cent moisture. The heating value of this 
char was 11,740 Btu per lb, compared to 11,560 Btu per lb, of the 
raw coal from which the char was made. The coal on “as shipped” 
basis, with about 15 per cent moisture, had a heating value of 
‘about 10,000 Btu per Ib. It is interesting to note that the ash 
‘content of the char, on a dry basis, remained practically un- 
‘changed, while the volatile matter, on a similar basis, decreased 
from 38.2 per cent in raw coal to 10.29 per cent in the char. This 
is considered significant since it points to a possibility of render- 
ing high-ash Illinois coals into a smokeless char without raising 
unduly the ash content of the final product. Mechanical sepa- 
ration of high-ash-bearing fractions of coal fines and of ash par- 
ticles in the fluidizer probably was a primary contributing factor 
jn reducing the ash content of the char product, with the ash 
finally being entrapped by the condensing tar in the surface con- 

-densers. Another important improvement noted in the char pro- 
duced was that its sulphur content was 2.88 per cent compared 
to almost 4 per cent in the raw coal on a dry basis. 

Raw coal crushed to pass a 20-mesh sieve, after an oxidizing 
treatment with air as the fluidizing medium at 536 F (280 C), 
subsequently was devolatilized successfully at all temperatures 
from 932-1472 F (500-800 C). At 1472 F (800 C), the char 
‘produced had less than 2 per cent volatile matter, 17.35 per cent 
ash, and 2.98 per cent sulphur. The heating value of the char 
was 12,100 Btu per lb, compared to 11,740 Btu per lb of the raw 
coal, both expressed on a dry basis. Again, the ash content of the 
char product in a temperature range of 932-1472 F (500-800 C) 
did not increase proportionately to volatile-matter reduction, and 
was only about 2 per cent higher compared to the ash content 
of the untreated dry raw coal. Total reduction in the volatile- 
matter content during the foregoing temperature range was 
from 38.2 per cent in the dry raw coal to 16.5 per cent in the 932 F 
(500 C) char, 9.95 per cent in 1292 F (700 C) char, and less than 
2 per cent in the 1472 F (800 C) char. Sulphur content of the 
char made at temperatures above 932 F (500 C) was substantially 
unchanged from the residual sulphur obtained at 932 F (500 C). 
Graphical representation of the volatile-matter content and yields 
of the various chars made from raw as well as oxidized-coal sam- 
ples is shown in Figs. 2 and 3. 

The maintenance of a satisfactory fluid bed of char in the de- 
volatilizing retort is dependent to an appreciable extent on the 
average particle-size distribution in the material involved. 
Furthermore, if ultimate combustion of such char is contemplated 
in a cyclone furnace, it is important to know the particle-size 
range in the char product. Typical screen analyses on the coal, 

char mixed with coal for feed purpose, and the char product are 
given in Table 4. 

The particle-size range shown for the various materials in 
Table 4 does not represent a definite limit within which’ the 

fluidization operation must be carried out. Materials, which may 
be either coarser or finer than those shown, can be handled, de- 
pendent on the velocity of the fluidizing medium through the 
retort. : 

Production of Gas From Raw Coal. The volume of gas pro- 
duced steadily increased with temperature and at 932 F (500 C) 
the gas yield amounted to an average of 2500 cu ft per ton of 
dry raw coal or about 2100 cu ft per ton of coal with 15 per cent 
moisture. An increase in operating temperature resulted not, 
only in a greater volume of gas evolved, but also in a lower 
percentage of carbon dioxide in the gas made. The actual vol- 
ume of carbon dioxide produced increased with temperature, but 


959 


TABLE 2 SUMMARY OF OPERATING RESULTS IN FLUID CHAR 
MAKER USING RAW OR UNOXIDIZED COAL 


Temperature: degF............. 752 842 932 932 
deg Cine A hm 400 450 500 500 
1 Coal analysis as charged: 


, Moisture, percent.............. 6.86 7.64 7.64 8.54 
Volatile matter, percent........ 33.68 34,82 34.32 33.06 
Fixed carbon, percent.......... 45.00 45,24 45.24 44,20 
Ash, per Centre... 5-0 arene c 14.46 12,80 12.80 14.20 
Total, percent................. 100.00 100.00 100.00 100.00 
Sulphur, percent. .cn an.ecns ne 3.33 3.66 3.66 3,27 

Volatile matter (ash and moisture 
free) percents sue. cet ae). 42.8 43.2 43.2 42.8 
Heating value, dry basis, Btu perlb 11330 11560 11560 11550 
2A Yield, per ton of coal as shipped: 
Chariipericentieacsce a eee. Goat 69.0 56.8 oe 
Gascuftsaerce ateetcs dens. 332 865 2050 PAU) 
‘Gas: thermaeicnnc wee ee tee 2.05 6.30 11.8 Rel 
‘Lary lbscdryabasisia. «avis 168 230 854 310 
2B Yield, per ton of dry coal: 
bar percents sere eee aoe 91.5 81.2 66.8 ea 
Gas sCUit ba pels: onan hc 390 1080 2410 2530 
Gascthermis prs eis eae ae 2.41 7.40 13.9 ca 
Tari lbndrvapssisse cee dee Loe 271 417 366 
3 Char composition: ' 
Moisture, percent.............. 0.0 0.50 1.59 
Volatile matter, percent........ 30.6 26.4 10.29 
Fixed carbon, percent.......... 62.5 57.0 73.07 
AS percenticom ne ae 16.9 16.1 15.05 
Total; percenticce as arateuucs | LOOKO 100.0 100 .00 ab 
Sulphur, percent..0........; SA 2.89 2.88 Pre 
Heating value, per lb dry basis, Btu 11310 11500 11740 11780 
4 Gas made: 
Analysis (raw gas): 
COs pericent. 2... ac as So eres 19.5 28.0 15.9 16.2 
Unsaturates, percent........... 6.5 7.6 4.1 5.0 
Oz percent sae. ee es 2.3 0.0 2.5 12 
He, per Cente sc. oc..005 aes 3.0 5.5 20.3 UP Aa76 
CO percents 3 tee he of 131.7 11.9 12.5 
Saturates; percent............. 27 1 35.9 32.1 °§ 37.8 
Ns, Per CBREE. do cen ok Chasis 24.5 4.9 4.5 Tee 
HaSs peric@nts onc ste as = iteie phe. suse 3.4 4.4 8.7 7.4 
Specific gravity of raw gas....... 0.986 0.963 0.849 0.836 
Heating value of H2S free gas, Btu 
Deremitstceise ee nce or ee O50 718 630 
Analysis of H2S and CO: free gas: 
Unsaturated, percent .......... 8.4 yh A 5.4 6.5 
Oss percenteiinacs 2h etn os 3.0 0.0 3.3 1.6 
He; per contin scan c cas: waters 6 3.9 8.1 26.9 16.6 
CO; pericéntiencc-oe nanan 17.8 20.2 15.8 16.4 
Saturates; percent............. 35.2 53.3 42.7 49.5 
No, percentiag sr nna pet eee 31.7 7.3 5.9 9.4 
Specific gravity of HxS and CO» free : 
CAS. ooh eRe ee oe eres 0.953 0.851 0.664 0.720 
Heating value of H2S and CO: free 
gas; Btu percuftie, secure ae 802 1014 878 
5 Tar made: 
Moisture, percent.............+... 13.1 26.8 26.0 9.39 


9.24 10.51 14.89 21.87 


@ Based on moisture content of 15 per cent in coal as shipped. 


Free carbon, percent............. 


at a slower rate than the production of other gas constituents. 
The major portion of carbon dioxide may be attributed to the 
reaction 


H.0 + CO = H2 + CO, 


With an enormous surface area due to pulverized coal, the rate of 
carbon-dioxide production would be increased, since the reaction 
is assumed to take place in the gas film surrounding each carbon 
particle. 

The heating value of the gas produced generally decreased with 
increasing fluid-bed temperature except at 400 C, when the indi- 
cated heating value was lower than anticipated due to the dilu- 
tion with nitrogen. At 752 F (400 C), substantially all the nitro- 
gen occluded in the surface of the coal particles is driven off and 
the decomposition of the nitrogenous compounds in coal results 
in the evolution of additional quantities of nitrogen as such in- 
stead of its conversion into ammonia due to lack of sufficient 
hydrogen. Since the volume of gas given off from the carboni- 
zation of coal at 752 F (400 C) is relatively small, the effect, of 
dilution with nitrogen from various sources becomes large. 

Production of Gas From Oxidized Coal. The volume of gas 
evolved from coal previously dried and oxidized with air at 536 
F (280 C) rose rapidly in a temperature range of 932-1472 F 
(500-800 C). At 1472 F (800 C), the gas production amounted 
to 14,800 cu ft per ton of dry coal or 12,700 cu ft per ton of coal 
with a 15 per cent moisture content. The heating value of the 
raw gas was 578 Btu per cu ft. 


TABLE 3 SUMMARY OF OPERATING RESULTS IN FLUID CHAR MAKER, USING OXIDIZED COAL 


2 5 5 1292 1472 
Temperature: degF....... 932 1022 1050 1112 1202 2 
der oneeee 500 550 566 600 650 700 800 
i Coal analysis as charged: = 
Moisture, per cent....... 1.35 1,09 1.00 1.09 a ne 30.67 31 “Of 34.35 
Volatile matter, per cent. 29.93 31.04 34.50 31.04 31. a5 92 55 42 31.00 
Fixed carbon, per cent... 54.33 55.42 51.30 55.42 55.42 99.92 12.45 13.10 
Ashe per Cente. « sereitele + 14.39 12.45 13.20 12.45 12.45 12.38 2.45 Be 
Motal;perncent erent. 100.0 100.0 100.00 100.00 100.00 1O9800 100,08 1 Ss 
Sulphur, ae ent sae H 4.11 4.00 3.67 4.00 4.00 3.99 S : 
Volatile, matter (ash an M 3 x . xe 
moisture free), Ber cons Sook 35.9 40.2 35.9 35.9 35.4 ae) 39.7 
Heating value, dry basis, = = 
Biles be ee SRT 11200 11460 11600 11460 11460 11400 11460 11600 
2A Nicldaper we of coal as 
Z shipped:4 = ae cies =9 5 
Char, percent. .2....°.. 61.0 60.7 x 56.0 __ 55.0 56.4 ae 
GasPeuret Hore po «janes 2045 2230 2570 3480 5150 7050 7 a 
Gas;thermsmranancice ae 9.2 152 15.0 16. 23.7 33.7 Ae 
Tar: Ibi dry Dasise. 1,3. ¢ 236 163 179 169 159 tts 
2B Yield, per ton of dry coal: - 4 = 
Char; pericent). 20... 6... wg (less A 66. 64.8 66.4 inn 
Gasxcuiteetyan cote 2405 2625 3020 » 4080 6060 8300 1 + 
Gasuthermscemrcrns io 10.8 13.2 17.6 19. 27.9 39.4 oa 
Tar, lbdry Dasisian.-.< 04 278 192 211 199 ~ —— 187 io 135 97 
3 Char composition: 2 . = 
Moisture, per cent. 0.80 0.60 0.59 0.27 0.38 re 
Volatile matter, per cent. 16.50 16.60 9 .02 10.70 b _9 .95 gies 
j Fixed carbon, percent .. 65.60 67.70 73.91 re 51 7 3 .68 -27 
Ashe per cent)... ae~-ssuc ve 17.10 15.10 16.48 17.52 15.99 17.35 
Total, per cent... 2.2... 100.00 100.00 100.00 100.00 100.00 100.00 
Sule nue Der Coan ers. 3.47 ons 2.80 2.49 3.05 2.93 2.98 
Heating value, dr asis, , 
Btusperlbitae-n Orica se 11770 11400 12140 12250 12180 12100 
4 Gas made: 
Analysis (raw gas): Ne bap = 
COxpencenteanmocn.. 29.70 19.49 25.60 19.35 15.32 14.3 10.8 
Unsaturates, per cent.... 4.00 2.70 4.70 3.00 3.60 4.3 4.5 
Osppercéentism ah.cec hoe 0.00 1.90 0.90 1.00 1.30 1.3 1.4 
Hs, percent... i... . ta 10.30 24.10 14.33 24.70 32.20 34.4 41.0 
COspertcent Mie...ccu. Mae 18.90 16.40 18.20 16.30 15.80 17.9 18.2 
Saturates, percent...... 28.40 25.90 26.80 19.30 18.30 19.6 14.2 
Nespericent. .W.ir.. as eso 1.00 5.10 1.40 10.20 8.50 3.9 7.9 
HeSepenicente pianist 7.70 4.41 8.10 6.15 4.98 4.3— 2.0_ 
Specific gravity of raw gas 0.909 1.06 1.09 0.953 0.773 0.764 0.739 
Heating value of HS free ; ae 
raw gas, Btu per cu ft 484 527 632 503 483 495 578 
Analysis of H2S-CO> free gas: : aaa hs. 
Unsaturates, per cent.... 6.4 3.5 tice! 4.0 4.5 5.3 5.15 
Oz; per Cent itech ve ciel 0.0 255 1.3 1.3 1.6 1.6 1.60 
Hs, pereent. Ws. 6s 16.5) 31.8 21.8 3322 40.5 42.2 47.00 
CONper cen tiloxe... 0000 k 30.2 21.8 27.8 21.9 19.7 22.0 20.90 
Saturates, per cent...... 45.3 34.0 40.8 25:9 23.0 24.1 16.30 
INe ADeniCent fuser ewes cee 1.6 6.4 2,1 13.7 10.7 4.8 9.05 
Specifie gravity of H2S-CO2 
{reegag. cen hot e ha ee 0.5627 0.5734 0.7292 0.4788 0.4692 0.5508 0.5408 
Heating value of H2S-CO. : 
free gas, Btu per cu ft 714 662 891 634 576 582 649 
5 Tar made: : 
Moisture, percent....... C2) 21.6 16.9 24.2¢ 27.90 14.47 os 8.85 37.7¢ 
Free carbon, percent..... 15.10 24.4 30.2 19-5 30.80 29.68 22.08 69.6 12.6 
4 Based on moisture content of 15 per cent in coal as shipped. 7 
b From first condenser. 
¢ From second condenser. 
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creasing temperature. At 932 F (500 C), the production of 
carbon dioxide was 715 cu ft per ton of dry oxidized coal, and at 
1472 F (800 C), this rose to 1610 cu ft. 
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TABLE 4 SCREEN ANALYSIS OF CHAR AND COAL MATERIALS USED IN FLUIDIZATION 


Fluid-bed eet 

° -—temperature— ——— Weight per cent retainec i ieyves———~ 
Deg F Deg C Material 8 ca haut, aaah S00” —200 
1022 550 Coal ‘ 0.0 0.0 12.8 31.3 23.3 13.6 18.7 
Char in feed 0.0 0.0 10.9 31,2 23.3 15.2 19.4 
1051 3 Char product , 0.0 ifr i 14.9 26.7 21.7 14.9 20.6 
566 Coal d 0.0 0.0 12.8 31.3 23.3 13.6 18.7 
‘ Char in feed 0.0 0.0 13.5 nylon 24.4 14.7 16.5 
ata Char product 0.0 OF8er alSe4 26.0 22.3 15.3 22.0 
600 Coal ; 0.0 0.0 12.8 31,3 23.3 13.6 18.7 

Char in feed 0.0 0.0 8.8 2740 22.8 17.4 23.9 
Char product 0.0 1,6) eet 4 Sage bS ene oes is, Bally 

1292 700 Coal ; 0.0 0.0 12.8 31.3 23.3 13.6 18.7 

eee Rta Sb ras eae Ae a xe: 

ar product 0.2 0.7 8.9 24.2 23.3 18.3 24.4 

1472 800 Coal : 0.0 0.0 12.8 31.3 23.3 13.6 18.7 
Char in feed 0.0 0.0 10.3 31.3 29.8 14.8 13.8 
Char product 0.0 0.6 16.6 28.6 24.1 13.9 15.5 


From the analyses of raw gas in Table 2 it will be noted that 
at 932 F (500 C) the ratio of hydrogen to carbon monoxide is 
about 0.5, and at 1472 F (800 C) this ratio rises to almost 2.5. 
A part of the excess hydrogen is believed to have resulted from the 
increased cracking of the paraffinic hydrocarbons, which the 
analyses show have decreased from 28.4 per cent at 932 F (500 
C) to 14.2 per cent at 1472 F (800 C). 

Since the normal concentration of carbon monoxide in ordinary 
coke-oven gas is of the order of 4 to 10 per cent, its concentration 
of almost 20 per cent in the gas from fluid devolatilization of coal 
(together with the high hydrogen content) would indicate that. 
the reactions 


2H20 + C = 2H, + CO, 
CO. + C = 2CO 


did occur to an appreciable extent at 1472 F (800 C). 

The yield of gas by the fluidization process was noted to be 
about 25 per cent higher than is usually obtained in commercial 
coking practice from premium-quality coking coals. 

The effect. of fluid-bed temperature on the production of gas 
from raw and oxidized-coal samples is shown in Fig. 4. In Fig. 
5 the effect of fluid-bed temperature on the gas therms produced 
is plotted, since the value of any gas made is determined not by 
its volume alone, but by its heating value as well. 

Production of Tar. Using unoxidized raw coal as feed material, 
the yield of tar increased with temperature, and a maximum pro- 
duction of 417 Jb (about 46 gal) of tar per ton of dry coal was ob- 
tained at 932 F (500 C). This is probably the highest yield of 
low-temperature tar obtained in any process reported to date. 

Using coal previously dried and oxidized at 536 F (280 C), by 
fluidization with air, the production of tar declined to 278 lb per 
ton of dry coal at 932 F (500 C). A similar effect of coal oxidation 
on tar yield has been noted previously by other investigators 
(1). Ina temperature range of 932 to 1472 F (500 to 800 C), the 
yield of tar from oxidized coal steadily decreased, and at 1472 F 
(800 C), it amounted to only 97 lb per ton of dry coal. A de- 
crease in tar production was accompanied by an increase in gas 
production due to thermal cracking of the tar. This behavior 
points to the possibility that the fluidization process may be 
operated to produce power char and high Btu gas as the main 
products with tar as a minor by-product. Fig. 6 shows the effect 
of fluid-bed temperature on the production of tar. 

Sulphur Removal. Snow (6) im investigating the elimination of 
sulphur from coal in streams of various gases reported that 27 to 
84 per cent of original sulphur in coal could be removed in the 
presence of steam at temperatures of 752-1472 F (400-800 C). 
During the present study, however, Snow’s results were not en- 
tirely confirmed both with respect to sulphur elimination and loss 
in weight of coal. It was further noted that desulphurization in 
the fluid state takes place at a considerably faster rate compared 
to the static-bed method used by Snow. Results on desulphuriza- 
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tion of coal with steam as a fluidizing medium at different tem- 
peratures are shown in Table 5. 

From the results given in Table 5 it appears that both for raw 
and oxidized coal, elimination of sulphur increases steadily up to 
1112 F (600 ©), approaching a maximum of about 76.5 per cent. 
Above this temperature increasing amounts of sulphur seem to be 
retained by the char and at 1472 F (800 C), the removal of 
sulphur drops to 38.5 per cent. This last behavior is substan- 
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tiated by high-temperature coking results in commercial ovens 
in which the coke retains between 60 and 70 per cent of sulphur 
originally present in the coal. 

Sulphur elimination from coal occurs in this process mostly in 
the form of H.S gas evolution. Several commercial processes 
exist that can be employed to remove H,S from the gas made. 
After its concentration, H.S may be burned into SO, and con- 
verted into commercial grades of sulphuric acid or changed into 
elemental sulphur by its partial combustion into SO, and then 
reacting H,S and SO, to form sulphur and water. This last 
method has been used recently in Germany on a commercial 
seale. 


TABLE 5 REMOVAL OF SULPHUR FROM KINCAID COAL DUR- 
ING FLUID DEVOLATILIZATION WITH STEAM 

Sulphur 
Type of coal -——Temperature—— removed, 

sample Deg F Deg C percent . 
Oxidized 932 500 33.50 
Oxidized 1050.8 566 63.60 
Oxidized 1112 600 77.00 
Oxidized 1202 650 47.00 
Oxidized 1292 700 044.50 
Oxidized 1472 800 38.50 
Raw 752 400 7.50 
Raw ; 842 450 44.50 
Raw 932 500 51.50 
Raw 1112 600 76.00 


Material Balance. The material balances have been calcu- 
lated for the tests conducted on oxidized coal in the temperature 
range of 932-1472 F (500-800 C) on two separate bases. In the 
first case, the weight of the dry coal fed has been compared with 
the total combined weights of char, gas, and tar produced. These 
are shown in Table 6. It will be noted that for the temperature 
range of 932-1202 F (500-650 C), there is a loss in weight of 5.7 


TABLE 6 WEIGHT BALANCE ON COAL CHARGED AND CHAR, 
GAS, AND TAR PRODUCED. BASIS: 1 TON DRY COAL 
— Weight, 
— Temperatare— —— Weight recovered, lb— —per cent— 
Deg C Deg F * Char Gas Tar Total Gain Loss 
500 932 1436 172 278 1886 mt 5.7 
550 1022 1430 213 192 1835 8.3 
600 1112 1320 298 199 1817 9.2 
650 1202 1296 358 187 1841 8.0 
7 1292 1328 485 135 1948 wn 2.6 
soo 1472 1230 840 97 2167 8.4 a 


per cent to slightly over 8 per cent in the various products re- 
covered. Since the oxygen content of Kincaid coal is about 7.9 
per cent on a dry basis, the weight loss noted in products may be 
logically attributed, aside from experimental deviations, to the 
formation of liquor during the devolatilization step. For 1292 
F (700 C), the weight loss’ due to liquor formation decreases, 
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because of the accelerated reaction between carbon and oxygen 
to form CO and CO». At 1472 F (800 C), there is actually a gain 
in weight of products, amounting to 8.4 per cent, which may be 


EIGHT BALANCE ON CARBON IN COAL CHARGED 
TABLE URBON IN CHAR, GAS, AND TAR RECOVERED. BASIS: 
% ; 1 TON DRY COAL—1360 LB CARBON 


Deviation- 
Lb of eer pon weeny 
— -——recovered in——~ 7-——per cent— - 
Deed pee m Char Gas Tar Total Gain Lo 

600 1112 1137 78 180 1395 2.44 
650 1202 1117 108 168 1383 Z 42 
700 1292 1158 158 125 1441 5.95 wie 
800 1472 238 87 1335 eae LA 
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attributed to the various reactions between carbon and steam. 
In the second case, a carbon balance has been worked out be- 
tween the carbon content in the coal fed and the carbon found in 
the various products. These results are shown in Table 7. Con- 
sidering the fact that multiplying factors of 20 to 50 were em- 
ployed in changing the experimental data to express yields of 
various products on a basis of per ton of dry coal, any experi- 
mental errors were unduly magnified. 

Application of Fluid Devolatilization of Coal in Power Plants. 
The results on the fluid devolatilization of a bituminous coal 
just presented offer some interesting possibilities in power-plant 
practice. For a combined gas and electric utility enterprise, the 
process should be particularly attractive from a standpoint of 
handling the two main products, i.e., char and gas. Unless there 
is a profitable market for tar, its complete disposal may be 
achieved through gasification. Thus it should be possible to ob- 
tain power char, with gas suitable for utility distribution, as the 
only other product. The requisite of developing special markets 
for tar obtained in low-temperature distillation of coal can thus 
be completely eliminated. 

Technologically, the prospects are definitely encouraging. In 
previous investigations, two serious difficulties were encountered 
in the production of power char from pulverized bituminous coal. 
These difficulties as discussed before are as follows: 


. 1 Plugging of cyclones with fine sticky plastic coal particles. 
In some earlier attempts the products of distillation were with- 
drawn countercurrent to the crushed-coal feed, and a portion of 
the falling coal particles was entrained in the off gas and was de- 
posited with the condensing tar vapors, resulting in the plugging 
of gas line. 

2 Low rates of heat transfer to the finely divided coal particles, 
in both external and internal heating systems, due to an insulating 
gas film surrounding each particle. 


Both of these difficulties have been eliminated successfully in 
the fluidization process. Of the several systems attempted, the 
one involving an overhead draw-off for char, gas, and tar vapors 
into heated cyclones has proved to be most satisfactory. By 
maintaining the cyclones at substantially the fluid-bed tempera- 
ture, condensation of tar vapors is reduced to a degree where it 
no longer interferes with the cyclone efficiency. The scouring 
action of the coarser fractions of the char product effectively pre- 
vents any “build-up” from fine “sticky coal particles passing 
through the plastic zone. : 

The rate of heat transfer in the fluid bed has been found to be 
four to sixfold, compared to, conventional coking methods. 
This has been made possible due to effective scrubbing action on 
the gas film surrounding each coal particle in the fluid bed. 

The successful development of the cyclone-type furnace on a 
commercial scale has opened an ideal possibility to burn the 
hot char as it leaves the fluidizer. The char product at tempera- 
tures ranging from 1292-1472 F (700-800 C) in the form of hol- 
low crude spheres, should be an excellent fuel for the cyclone fur- 
nace. It is expected that the combustion of highly preheated 
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and activated char will result in heat releases greater than 15,000 


to 22,000 Btu per cu ft of total combustion volume per hr for 
Bite omecdeecal burners and 30,000 to 40,000 Btu for cyclone-type 


installations. 
If it is desired to save high-Btu gas and tar as valuable by- 
products in the production of char for pulverized-fuel installa- 


_ tions, a combination of fluid-devolatilization system and the flash 


pulverizer-cyclonizer system may be employed. The char pro- 


duced in the fluidizer may be separated from gaseous by-prod- 


ucts at high temperatures and subsequently flash-pulverized for 
pulverized-fuel burners. 

In the burning of char, heat economy of 4 to 6 per cent may be 
made possible due to its lower hydrogen content. The desul- 
phurization of the coal in the fluidizer will reduce sulphur emis- 
sion from stacks to the extent of 25 to 35 per cent. 

Other advantages from the burning of char will be in the form 
of eliminating soot deposits on tubes permitting higher furnace 
temperatures, faster rates of combustion, and a comparatively 
less visible stack*discharge. The decrease in visibility of the stack 
discharge is due to two effects; first, the fuel has been rendered 


‘smokeless prior to its combustion; and second, the reduction in 


the hydrogen and surface moisture results in appreciably less 
water vapor in the flue gases. The water vapor normally present 
in the flue gas from coal combustion is objectionable when 
rendered visible by cold weather. 

As previously mentioned, the char is relatively less abrasive 
and more easily pulverized than raw coal. Combustion of char 
in pulverized-fuel installations therefore should be feasible and 
this, in fact, has been confirmed by actual tests on a boiler with 
a steam capacity of 40,000 to 50,000 lb per hr (7). A further ad- 
vantage in using char would be that its finely divided particles 
will not form agglomerates as do the coal particles, thus resulting 
in rapid and more complete combustion. Eastern coals, which 
coke more easily compared to the high-oxygen coals, will be con- 
siderably improved in their burning qualities in pulverized form 
on being converted into a char first. The high-oxygen coals will 


be improved in calorific value due to removal of oxygen in the . 


devolatilization step. 

- The over-all economy obtainable from a combination of fluid 
devolatilization of coal and burning of the char will depend upon 
conditions in individual localities. The data presented so far 


can be used to a certain degree, to calculate the possible economy 


for a given location. For plants burning Kincaid coal, pre- 
liminary calculations have indicated that a substantial over-all 


‘economy may be possible by the use of power char system. 


CoNCLUSIONS 


1 Kincaid coal has been successfully. made into a char by 
the fluid-devolatilization process. At 1292 F (700 C), the yield of 
char amounted to 1328 lb per ton of dry coal. The char contained 
10 per cent volatile matter.and showed a heating value of 12,180 
Btu compared to 11,460 Btu per lb of raw coal on a dry basis. 

2 The gas yield was 8300 cu ft at 1292 F (700 C) and 14,800 
cu ft at 1472 F (800 C) per ton of dry coal. In terms of heat units, 
the gas amounted to 40 therms at 1292 F (700 C), and 84 therms 
at 1472 F (800 C). 

3 The tar yield was 15 gal per ton of dry coal at 1292 F 


_ (700 C), and 11 gal at 1472 F (800 C). 


4 The ash content of the char is 2 to 3 per cent higher fen 
in coal when the process is operated at 1292-1472 F (700 to 800 
C). At temperatures below 1022 F (550 C), the increase in ash 
content of char is insignificant. Reduction in ash content of char 
made in a temperature range of 752-1472 F (400 to 800 C) is 
believed to be due to mechanical separation of the high-ash- 


: bearing fractions of coal and ash particles in the fluidizer. 


5 Substantial desulphurization of coal is effected with steam 
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during the devolatilization process, ranging from 38.5 per cent at 
1472 F (800 C) to as high as 76 per cent at 1112 F (600 C). 

6 The char produced consists of hollow spheres and is in an 
activated condition. It is believed to be ideally suited for a 
cyclone-type furnace. F 

7 The char has been found to be more pulverizable than raw 
coal and therefore is considered applicable in pulverized-fuel- 
burner installations. 

8 Heat economy of 4 to 6 per cent should be possible due to 
lower hydrogen losses, as well as due to sensible heat that may 
be carried into the furnace by the char. 

9 The technological difficulties, which prevented the suc- 
cessful production of power char from finely crushed coal in pre- 
vious investigations, have been overcome effectively by the ap- 
plication of the fluid technique and other improvements. 

10 The process seems to offer excellent opportunity for com- 
bined gas and electric utility systems. 
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Discussion 


R. A. SHeRMAN.® The authors hold out considerable hope that 
the fluidization technique, as reported in their paper, will solve 
the many problems relating to the preparation of low-tempera- 
ture coke which have prevented successful operation of processes 
previously proposed. All will hope that the predictions of the 
authors will be realized because a successful method of low-tem- 
perature carbonization of coal has long been sought. 

The success of this or any other method of low-temperature 
carbonization depends upon the economics and, despite the con- 
siderable amount of data included in the authors’ paper, the data 
required to judge the economics of the process are lacking. For 
example, no information is presented in the paper on the through- 
put of coal. This is most important as it is the rock upon which 
practically all other processes have been wrecked. Still further 
information that could be desired by an engineer or an economist 
looking at the process is the amount of steam used per pound of 
coal. 


5 Assistant Director, Battelle Memorial Institute, Columbus, Ohio. 
Mem. ASME. 
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A complete material balance is not given in the paper. The 
tables show, in general, a deficiency of 2 to 8 per cent in the 
weight of the product*below the weight of the coal used, but 
if the steam were included, the deficiency would be of greater 
amount. pA: 

A heat balance should also have been included in the paper. 
It is not to be expected that the heat balance on a large plant 
would be the same as that on a pilot-scale plant such as the 
authors used, but it would have been indicative of what was to 
be expected. A rough approximation has been made by the 
writer on one run of oxidized coal at 800 C, which gives results 
as follows: There were recovered per ton of coal approximately 
8,000,000 Btu in the form of gas, 14,400,000 Btu in the form of 
char, and about 2,000,000 Btu in the form of tar, if we assume that 
the tar has a heating value of about 20,000 Btu per Ib. This 
totals 24,400,000 Btu per ton, whereas the heating value of the 
original coal was 23,200,000 Btu per ton. The additional heat 
obviously came from the steam and from the heat put in, in the 
form of electrical energy, to heat the retort. No figures are given 
on the amount of electrical energy, in and thus the efficiency 
cannot be determined. 

The large yields of gas are particularly cited by the authors. 
These are interesting, but not surprising as they must come from 
. the water-gas reaction between the steam and the coal or char, 
and the heat energy required comes from an electrical-energy 
input. 

The authors call attention to the lack of increase in the ash 
content of the char as compared to that of the coal. This is 
indeed noteworthy and is ascribed by the authors to the fact 
that there is a separation of ash in the fluidized bed. The ques- 
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tion arises, however, as to what eventually becomes of this ash. 
It must at some time be removed from the system. 

The suggestion that the char be used in a cyclone furnace an 
pass directly from the carbonizers to the furnace without loss of | 
the sensible heat is most interesting. It may be a difficult prob- | 
lem to handle this high-temperature char, and there is a question 
as to how it is to be introduced into the furnace without ignition. 
The present system of introducing the coal into the cyclone f 
nace is in suspension in a part of the air required for combustion. } 

The authors also suggest the use of the char in pulverized form: : 
and predict that it would have a high reactivity and a high grinds 
bility. A number of years ago at Battelle, the White process 
of carbonization, in which particles of crushed coal were dropped 
through an externally heated refractory retort, was quite tho 
oughly investigated, and the writer conducted tests on the com-— 
bustion of the char made by this process in pulverized form. The 
results are reported in the Proceedings of the American Gas_ 
Association for 1931. The chars produced in that process were 
varied as desired in volatile content from 10 to*16 per cent. It 


that process and the char was possibly less reactive than the 
char produced in the process described by the authors. : 

The writer hopes that the authors have the complete answers ! 
to the questions that he has raised about the process and that the — 
indications will be so favorable to a continued research on this 
process that it can be pushed forward to get all the answers. 
Finally, it is hoped that the process will work as well as the — 
authors have predicted. 


* 
‘ 
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Ball-Bearing Slides 


By CONRAD JOBST,! TOLEDO, OHIO 


From personal experience the author gives examples of 
progress made in reducing friction in sliding movements 
toa minimum, with the addition of preloading of the slide 
mechanism, so that higher operating speeds, greater pre- 
cision of product, and longer life at lower cost are possible. 
Such preloading produces high stability in a slide because 
operating loads merely modify the total load, either in- 
creasing or decreasing it, in contrast with conventional 
slides in which the live load changes from no load to full 
load, and usually with no reversal of load permissible. 
Actually, from the standpoint of mechanics, preloaded 
slides constitute the introduction of couples into the sys- 
tem which are available to resist other couples such as 
those due to eccentric loads. 


ESIGNERS of machines and apparatus, during the last 

30 years, have applied annular ball bearings to spindles 

and shafts. Relatively recently, preloaded ball bearings 
were developed for machines when extremely accurate and lasting 
performance was essential. 

For straight-line movements, friction slides are still common, 
and in a few cases V-type roller bearings are applied to machines 
such as thread grinders, etc. However, on larger machine tools, 
friction slides are universally used. 

As a background for comparison, Figs. 1, 2, 3, and 4.show con- 


ventional slides which must be provided with adjustments for 
wear and oil clearance. All loads must be arranged near to the 
center of the slide if cocking and binding are to be prevented. 
The slides are necessarily loose in the conventional sense in order 
to permit free motion, and if,any additional load is applied, a 
certain amount of instability must be exhibited, that is, insta- 
bility in the realm of extremely accurate motions. For those not 
familiar with such accuracy, an example would be the change 
in location of a cutting tool due to change in thickness of the oil 
film in the slide. The simplest procedure to provide stability in 
a mechanism is to preload the entire assembly. This has been 
accomplished by designing a rolling contact between two slide 


1 Consulting Engineer, Owens Brush Company. 

Contributed by the Machine Design Division and presented at 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tut American Society or MecHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-42. 


members, with the initial preload so large that subsequent load 
are small by comparison. 

To overcome these serious objections of instability in motions 
supposedly accurately controlled, the author replaced the sliding 
surfaces with preloaded ball-bearing tracks as shown in Fig. 5. 
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Preloading is produced in the desired amount by the tolerances of 


‘the slide members prior to assembly. Manual adjustment sub- 


sequent to assembly was omitted purposely. This particular 
mechanism illustrated is the cross slide on a machine in which the 
alignment between, two-positioned operations must be kept per- 
fect in order to make a high-grade product. It was found that 
this accurate alignment, due to the preload principle, has actually 
been maintained for over 20 years of operation, and the original 
machine is still in operation. 

Fig. 6 shows the complete unit which is composed of two tracks, 
1 and 2, and spacer 3, with steel balls 4. Dimensions A and B 
may be kept standard for interchangeability. There areemany 
methods of dirt protection for such slides which depend greatly 
on the location of the slide. The position of such a slide in a de- 
sign may be chosen for convenience, because any eccentric or 
off-center load does not impair its precise movement, and cocking 
of the ball-bearing slide, in the sense of cocking of a conventional 
slide, is impossible. 
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Fig. 7 shows the assembled slide unit; B is the male, and A is 
the female slide. Dimension D is made oversize, and therefore 
establishes the preload, or prestress, desired. From a prac- 
tical standpoint, dimension B, for both slides should permit a 
press fit for the tracks. 


’-Type Srraicut-LinE Rouiier Bearine Versts STRAIGHT 
Lint Batt BEARING 


Fig. 8 is a comparison between a V-type straight-line roller 
bearing used in the latest precision machines, and the preloaded 
ball straight-line bearings which have been in operation for many 
years. 

V-type straight-line roller bearings must be provided with 
adjustments because they are cylindrical in shape, and the run- 
ning’ surfaces must be parallel with each other. On the other 
hand, in the straight-line ball bearing, no parallelism of the balls 
exists; therefore a lateral springing or yield in the frame members 
does not alter the relation of the tracks to each other. In sucha 
bearing, the spherical contacts are precisely the same regardless 
of the movement in the parts, whereas such movements would be 
detrimental to long life in roller bearings. Proper compensation 
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would be necessary for roller bearings in the form of a self- 
aligning mechanism which would be, after all, partly spherical. 
Since the ball will always keep perfect contact with its track, an 
angular movement does not impair its precision. The movement 
rotates on the ball. Adjustments are not necessary in straight-line 
ball-bearing slides if properly preloaded. 


Great Propuction Cost SAVINGS 


During the recent war, in making aluminum and zine shell 
noses and fuse parts for the 20 to 47-mm sizes, the production 


requirements ran into the billions of pieces. Prior to the’ author’s 
investigation of the problem, threads were cast in the die or mold 
for these noses, making complicated molds necessary. In spite of 
careful workmanship, there was always a flash on the threads 


which necessitated complicated cleaning, trimming, and inspec-’ 


tion operations. Dimensional stability was very poor and pro- 
duction costly. It was suggested that straight-line ball slide 
units be installed to support an acorn die to chase the threads 
after a form-tool operation. A cross slide of the same construc- 
tion as shown in Fig. 9 was used and there was no cock in the 
slide, nor was there any lateral drag on the chaser. The result 
was a very smooth thread, because the sharp edges of the chasers 
were not held back by drag and could not cut into the sides of the 
thread in spite of the softness of the material. The smooth thread 
was particularly significant in the soft metal because spindle speed 


Oo 
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was 500 rpm. Thereafter the die castings were made in a mold 
without threads in the cavity and the first cost of the molds was 
thereby reduced greatly. Maintenance of molds was small in 
comparison with the former method, and costs were reduced still 
more. A total of 2000 pieces of 47-mm parts was made per hour, 
and 300,000 pieces per grind of the dies was common practice. 
The final cost of thé part was only a fraction of the original. 


UNIVERSAL APPLICATION 


There are innumerable designs and mechanical constructions 
where the installation of straight-line ball bearings is essential 
if lasting precision results are important. This includes all special 
machines for the duplication of parts with dimensions of high 
tolerance, many machine tools, boring mills, and most important 
of all, instruments of inspection. Old machines with friction 
slides can be made up to date by machining space for the ball 
unit of proper size into the now-existing friction slide. It will 
make the old machine better than it was when new, as shown in 
Fig. 10. Great economy can be obtained and the machine itself 
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‘will be more’ efficient than it was before. Since there are no 
adjustments, incompetent mainterniance men or laymen cannot 
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change or tamper with the original precision established by the 
builder. 


Heavy Macuinery Wire SuPERSENSITIVITY 


An example of heavy machine design is shown in Fig. 11, 
which is a mold-clamping device with 1,000,000 lb clamping pres- 
sure, but having a sensitivity which makes complete mold pro- 
tection possible. It takes only 150 lb, spring pressure to move 
the carriage which weighs 5000 lb, including the die. The pre- 
load on all the balls, 18, is approximately 50 tons. The meeting 
of the die or mold faces is extremely accurate and does not de- ~ 
pend upon pin and bushing, in fact, no pins are used at all. 
Because of the absolutely parallel meeting of the die faces, and 
because of the free movement in the slide, mold-protection pos- 
sibilities suggested themselves. 

If foreign matter thicker than 0.001 in. lodges between the die 
faces, particularly parts left over by flashes of the plastic mate- 
rial, or, if the whole molded piece is left in the mold, the carriage 
cannot complete the entire stroke, so that safety microswitch 
60 would not be opened, and springs 50 would compress, owing 
to the forward metion and actuate switch 54 to reverse the motor 
and prevent, pressure being applied to the die faces. It would 
prevent closing switch 49 which controls the torque-unit gear 
motor. This torque-gear mechanism applies 500 tons pressure to 
the mold faces, and that pressure would never be created if the 
mold faces are separated more than 0.001 in. 

Such precision is not possible with conventional slides. It has 
been found that a cigarette placed between the mold faces has 
sufficient compressive strength to actuate spring 50 without 
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breaking the paper. The cigarette did not resist the whole 150 
lb required to move the carriage, but it did build up sufficient re- 
sistance to produce thrust against the forward movement, 
which, being free, would yield and actuate a microswitch. 

The placing of a 0.001-in. shim or tissue paper at any part of 
the mold face over a 20-in-square area would actuate the micro- 
switch, proving that the lateral movement of the carriage is 
negligible. This particular molding machine has been in opera- 
tion for 3/2 years. A test revealed that it took the same twisting 
force against the platen to show deflection reading after 31/2 
years as it did after it was 3 months old. This comparison was 
made after the initial 3 months, rather than when new, to permit 
plastic flow, or ‘cold flow,” to become negligible. 


GREATEST PRESSURE PER SQUARE INCH WiITH SMALLEST EQurIP- 
MENT 


The principles of the straight-line preloaded ball bearing can 
be applied to the helix, and thereby obtain similar results in ro- 
tary motions. 

To provide power for the closing of a mold and injection of the 
plastic material into the mold, a helical ball bearing was used 
which creates pressure by rotation (a screw). 

To illustrate application to the screw, Fig. 12 is a short male 
element, Fig. 13 is a long male element, Fig. 14 is an outer race 
only, and Fig. 15 is a bearing assembly. 

In operating these two units (the screw and the slide) for mold- 
ing thermoplastic resins, it was found that the cost of electric 
current for the 10-hp motor to operate them was less than the 
cost of cooling the oil for the hydraulic machine of the same ca- 
pacity which required a 35-hp motor. 

Motors of surprisingly small horsepowers are fixed to either or 
both rotating members, which, with proper electrical controllers, ' 
can be cycled automatically, or by manual control, for continuous =e . 
production. A surprising sensitivity is obtained. The pressure 
output is many times greater than for a hydraulic system, and 
this higher pressure is obtained by the short-time overload which 
the motors can withstand and will provide. In a hydraulic 
system, oil pressure can be no greater than that for which the 
pumps were designed, not even for short intervals. 

Fig. 12 is the injectior® element used on a plastic injection 
machine. This element is stopped by a limit switch, actuated 
by a spring-loaded plunger which extends into the runner cavity. 
As the pressure builds up in this distributor cavity, a spring will 
deflect to actuate a switch to cut off power prior to the completion 
of the full stroke. All during the injection time for molding, the 
speed of the plunger, unlike that of a hydraulic system, is con- 
stant, and the heated plastic material therefore will lose no ap- 
preciable heat. Loss of heat produces laminated plastics which 
are undesirable. 

It should be noted that the work of final filling of the cavity 
is done by the inertia of the element. This accounts for the small 
use of power. The element, Fig. 13, remains stationary, much 
the same as a nut once tightened requires no pressure to hold it 
locked. The functions of these parts are quite different from 
those of a hydraulic system which require continuous pumping 
against the pressure induced in molding. 

This pressure by ball-bearing screw can be applied to any type 
of press. The general over-all dimensions of such a machine 
would be small in comparison to an hydraulic machine of the 
same power. 


PERFECTION OF SPHERICAL BopiEs i 


All experience shows that the spherical shape of the ball per- 
mits it to withstand terrific loads with minimum wear, which 
will stabilize the motion of any part or parts when built into the 
mechanism. No one can appreciate the mechanical excellence Fig. 13 
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of such a movement until he can visualize a preloaded annular 
precision bearing converted into straight-line motion. 


PreELoAD Is FUNCTIONAL 


There is always a deformation of metal under stress and if 
this deformation is controlled in mechanisms, nominally fixed 
positioning of component parts is obtained. If use is made of the 
deformation of metal (apart from dead load) to produce stability, 
such use may be called preload. If, for example, the preload is 
1000 lb, and the functional load is 200 lb, precise positioning of 


the component parts will be the normal outcome. Preload repre- 
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Fie. 15 


sents potential energy, which can be used to resist working 
stresses. 

In the mechanism described, n6 conventional sliding sur- 
faces were used, the movements were, extremely free, and the 
motion was as precise as the precision of the ball itself, for which 
dimensional stability of !/,0,00) in. is common practice. 
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Analysis of Heat Transfer Over a Small 
Cylinder in Icing Conditions 
: on Mount Washington 


By MYRON TRIBUS,! G. B. W. YOUNG,? anv L. M. K. BOELTER? 


The data reported by Schaefer (1)‘ for the heat required 
to maintain a heated rod (Calrod) dry and with a small 
trace of ice are compared to the heat requirements deter- 
mined analytically. Satisfactory agreement (within the 
limits of the simplifying assumptions) was obtained for 
the first case only. Discrepancies between experimental 
and computed results are discussed. A new design for 
the heated cylinder is proposed as.a possible means of 
measuring liquid-water content and drop size in flight 
through clouds. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = rD = area per unit span, sq ft 


a = droplet radius, ft 
ae BoU W, 
h 


B = barometric pressure, in. Hg 
C,, Cz = constants 
Cr» Ci = specific heat of water, ice, Btu/(lb) (deg F) 
D = cylinder diameter, ft 
Ey = percentage catch for cylinder, dimensionless 
h, = unit thermal conductance for convection, Btu/(hr) 
(sq ft) (deg F) 
h, = equivalent unit conductance for radiation, Btu/ 
(hr) (sq ft) (deg F) 
h, = unit .conductance for mass transfer, 
(sq ft) 
H,,Ha = absolute humidity at surface, in free stream, lb/lb 
k = thermal conductivity of the Calrod material, 
Btu/(hr) (sq ft) (deg F /ft) 
L = heat of vaporization (or of fusion) of water, Btu 
per lb 
P,, Po = vapor pressure of saturated water at t,, 70, in. Hg 
Yer Irr Ye» = heat (or energy) exchange due to convection, 
Quy Fir Iu radiation, evaporation, sensible heating of liquid 
water, sensible heating of liquid water and ice, 
Btu/(hr) (ft) span 
R,, = rate of water catch, lb per hr, ft span 
R = Reynolds modulus of droplet 


1b /(hr) 
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2a ¥oU ,. : 
= —, dimensionless 
gu. 
= humid heat of air, Btu/(Ib) (deg F) 
T,, T,, T; = absolute temperature of free stream, surfave, 
average of free stream and surface, deg R 
t, = temperature of surface, deg F 
= temperature of freestream, deg F 
U. = freestream velocity, fps 
W, = liquid-water content of cloud surrounding cylinder, 


Pp) 


~ 
8 
| 


lb per cu ft (1 g per cum = 62.4 & 10-5 Ib 
per cu ft) 
? D 
Y = scale modulus, y = eae 
aYs 


Yo. = weight density of air, lb per cu ft 
7; = weight density of droplet, lb per cu ft 
« = Stefan-Boltzmann constant, 0.173 X 10-8 Btu/(hr) 
(sq ft) (deg R*) 
€ = emissivity of Calrod, (= approx 1.0) 
(), = subscript 0, designates property at stagnation 
point 
8, = limiting value of percentage catch over small area 
at stagnation region, dimensionless 
uw = viscosity, lb-sec/sq ft 


INTRODUCTION 


The problem of the measurement of the characteristics of icing 
conditions has received a great deal of attention in the last few 
years. Asummary of some of these investigations is contained in 
references (5) and (9). One of the objectives of the current re- 
search and development is the design of a simple device for 
measuring the liquid-water content and droplet sizes in an icing 
condition. It has also been the hope of some investigators that 
a simple device might be used as an interim “yardstick”’ of icing 
intensity; some type of comparing device which would indicate 
the relative icing intensity between two storms, for use until 
an adequate instrument to measure liquid-water content and 
drop size is available. One such comparing device is the G. E. 
Calrod unit for anti-icing studies. This unit was investigated 
experimentally by Schaefer (1) and is the object of analysis of 
this paper. This unit is shown in Fig. 1. The dimensions of the 
Calrod itself are 0.81 cm diam * 40.5 cm long. 

With the Calrod unit mounted transverse to the wind, data 
were taken on the electrical power input regulated to produce 
surface conditions that were visually found to be: (a) without any 
moisture; (b) with a slight trace of moisture; (c) with a very wet 
surface; and (d) with a trace of ice during exposure to icing con- 
ditions. Reported with each set of power input data was the 
following information: Liquid-water content, effective particle 
size, air speed, air temperature, snow intensity, and rate of 
deposition on cylinders. 

It is the purpose of this paper to explain how the power re- 
quired for these conditions varies with the droplet size, liquid- 
water content of the cloud, air density, air velocity, air tempeta- 
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ture, cylinder diameter, and thermal conductivity of the Calrod. 
An analysis is given taking into account these variables and 
then a comparison to the experimental results is made. 
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ANALYSIS 


The power requirement for the two surface conditions (@) sur- 
face kept dry, and (6) surface with a trace of ice are analyzed 
and are predicted analytically herein. 

When the surface is kept dry, a heated cylinder, exposed to an 

air stream containing small suspended drops of supercooled water, 
is subjected to four types of cooling: (@) cooling due to the foreed 
convection by the air stream; (6) cooling due to the evaporation 
of the impinging moisture; (c) cooling due to radiation to the sur- 
rounding objects; and (d@) cooling due to the sensible heating of 
the impinging moisture. 
_ For the surface with a trace of ice, the heated cylinder may 
undergo one other form of heat transfer. Under the postulate that 
the surface is just at the freezing temperature, heat is added to 
the cylinder by the formation of ice from supercooled water. It 
was not included in the “dry-surface”’ analysis since any ice 
formed was considered as remelted. 

The total convective heat transfer from a circular cylinder is 


Q. = wDh Ai, — te)-. we Haas ees Be ei 


. 


where h., the average unit thermal conductance over a cylinder 
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exposed to an airstream flowing at right angles to the cylinder 

axis (2, 3) is given by 

(Waorva)®® 
Do°.4 


h. = 0.211 T)88 ~A—., 

For the ease of a surface kept dry, the moisture impinging 

upon the surface must be evaporated as quickly as it arrives. The 
x 


total energy lost by evaporation is therefore 
A R,.b. 


The rate of water catch Re, is a function of the liquid-water con- 
tent of the cloud, the percentage catch (#11), the cloud velgcity, 
and the diameter of the cylinder. . The relation is 


R,, = 3600 Ev W,Uo2D 
The percentage catch Fy, is determined by the parameters 


2aU we Ya: 
ug 


and 


These two parameters,> R and ¥, permit one to enter the charts 
of references (4, 5, 10) and determine the percentage catch de- 
fined by 

R 


w= = = (Re) cee 4 
vt 3600 0.0, ee [4] 


The heat loss by radiation is of lesser magnitude. It is com- 


puted from the Stefan-Boltzmann equation 
gy, = eDal(Pe— Paes eis De ae [5] 


The heat loss due to sensible heating of the moisture is also of 


lesser magnitude 


The heat liberated by the formation of ice from supercooled 


water is 


q, = R,,[144 — C,. 62 — t.) —'C 32 — 2) ea [7] 


Equation [7] represents an enthalpy balance in going from super- 
cooled water at ¢ deg F to ice at &. It is independent of the 
path. (This equation is valid only for é& < 32). 

The power required to keep the surface of the heated cylinder 
dry is that which will balance the total heat loss 


GQ ="G- + Ge We TE Gene ce ee [8] 


The values of g,, g,, and g, as shown in Equations [1], [5], and 
[6], contain the unknown average surface temperature fs, which 
is computed approximately in the manner given in Appendix 1. 

In the case of the surface with a trace of ice, a heat balance is 


made at the stagnation region. The equation of balance is 


Qo = Qe. + Qed + Gr.0 S3.Qd. ests SO 
Qo = Reol . 
1 = heo (ls — to) + +e (H,— He) +h, (t, — to) 
— BU w W; [144 — 32 + to — 0.5(82 — t)] ..... [10] 
Now let 
30U wo (W)) 
be ee eee (11 
Reo 


* The parameters used in references (4, 5) are K 
Ry. 


= R/y, and® = 
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and 


Hema ee 0 by ek ae 
B 


and the radiation term be small, then 


qo . Se pees —P.)L 
s'B 


b(96 + to 0.5t,). . [13] 


If the surface temperature t, is above 32 F, Equation [13] is 
invalid and Equation [14] is used 


’ 


qo 0.62L(P, — P») 
= (t, — to : 
Ahe,o ) at s'B 


+ b(t, == tes)) os {14] 


Appendix 2 gives the variation of 


versus Le for varying 
c,0 


values of b, above and below freezing. 


DIscussION 


Reference (1) gives data on the heat required to maintain a 
heated cylinder (Calrod) dry, moist, wet, and with a trace of ice. 
The first two data should bracket the computed value for the 
heat required to just evaporate the moisture as rapidly as it im- 
pinges. Table 1 compares these data to the computed values. 
In Table 1 the values of t;, computed as shown in Appendix 1, 
were used as the average temperature of the cylinder surface. 

Of the 22 runs under consideration, 13 sets of data show ac- 
ceptable agreement between the.computed and measured data. 
Of the remaining 9 sets, one, run No. 17, obviously is in error 
since the quoted heat requirements appear to be reversed. 

The fact that the snow catch was not included in the compu- 
tation makes it difficult to understand why the agreement noted 
was attained. The runs in which agreement was not obtained 
showed no consistent variation with snow conditions as esti- 
mated. 

In addition to the data given in the Schaefer report (1), 96 
more sets of data were sent by Schaefer to the authors of this 
paper and were analyzed as noted herein. Of the 96 runs, all but 
approximately 10 per cent of the observations were within 30 per, 
cent of the calculated heat requirements. Most were within 
15 per cent. 


CoNCLUSION & 


A simple meter for measuring the liquid water content of a 
cloud through which an airplane is flying can be designed, based 
upon the heat required to run the instrument “dry.” The in- 
strument should be designed as shown in Fig. 2 to eliminate the 
necessity for making some of the assuniptions used in the fore- 
going analysis. The copper tube will assure a uniform circum- 
ferential temperature and the thermocouple will permit calibration 


tub 


\ Thermocouple 
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in dry and wet air. The heat required should follow the equa- 
tion 


Wie 0.6 
q = rD0.211 7,9. (U wa)" (1 


Do pote — 7.1 K 10° 57] 


z 


5p FE ONO GC, oy an [15] 
The equation can be rewritten as 


q = CU wa)" 8[t, — to — 7.1 KX 1075 UV o?] 


RC eW col Wyte ns Bed cin ae > [16] 


where the constants C, and C, can be measured or computed. 
Having obtained C; and C, over the desired range of flight speeds 
and altitudes for several sized cylinders, it is necessary to fly 
into a cloud and measure simultaneously the cylinder tempera- 
tures, heat input, air temperature, density, and velocity. From 
the calibration curves of each cylinder the terms (Hy * Wy) 
for each cylinder can be rapidly computed. If these terms 
(Ly X W,) be plotted against cylinder radius on log-log co-ordi- 
nate paper and superimposed on curves 23a to 23f of reference 
(1), the separate values of (#4) and (W;) can be computed by 
noting the vertical and horizontal] displacement required to match 
the data to the curves. This technique of matching these points 
to the data of reference (1) has been in use with ice-coated rotat- 
ing cylinders for 3 years and has given excellent results (11). 
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TRIBUS, YOUNG, BOELTER—ICING CONDITIONS ON MOUNT WASHINGTON 


12 “Principles of Chemical Engineering,’ by W. H. Walker, 
W. K. Lewis, W. H. McAdams, and E. R. Gilliland, third edition, 
McGraw-Hill Book Company, Inc., New York, N. Yee 19371 

“Modern Developments in Fluid Dynamies,”’ by 8. Goldstein, 
Clarendon Press, Oxford, England; Oxford University Press, New 
York, N. Y., 1938. 


Appendix 1 


If the cylinder is heated so that its surface temperature is jus 
sufficient to evaporate the moisture as rapidly as it impinges, it 
is possible to calculate this minimum surface temperature from 
theanalogy between heat and mass transfer. The greatest evapo- 
ration requirement occurs at the stagnation line of the cylinder. 
If attention is confined to the area in this region, the following 
mass balance can be applied: 

Rate of water impingement = evaporation rate or 


Bol Wir) = his — Bic) ce oe at oe [17] 


The mass-transfer conductance can be calculated from the 
analogy by (12) 


hiro ee: 


The local unit thermal conductance at the stagnation point is 
computed from the data of references (2) or (6) 


Vora sid 
heo = 0.194 T,-* es I a 


The percentage catch §o, for the stagnation area is computed 
from the trajectory data, references (3, 4) 
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Bo = F(R, ¥) 


The value of t, obtained in this manner applies only to the stag- 
nation region. Because of the low thermal conductivity of the 
Calrod material, k = 1.5 Btu/(hr) (sq ft) (deg F/ft), reference 
(7), the surface temperature will not be uniform. As a matter 
of fact, the stagnation region is a “‘cold spot.’”’ Thus if the con- 
vective losses are computed on the basis of a temperature derived 
from Equations [17, 18, 19, 20], the results will be low. For a 
detailed analysis of the effect of variation of t, about the Calrod 
see reference (10), where a solution to the heat-transfer equa- 
tions for the Calrod were carried out using IBM punched-card 
equipment in a manner similar to that described in reference (8). 


Appendix 2 


For typical Mount Washington conditions, t2 = 15 F, B = 
620 mm Hg, s’ = 0.24 Btu/(11) (deg F), and Z = 1056 for water 
(above 32 F), and 1200 for ice (below 32 F), Equations [13] and 
{14] were solved. The curve in Fig. 3 presents the values of 


mn h, versus t, for varying values of b, above and below freezing. 
¢,0 F 
For example, if h,.o = 69.8 Btu/(hr) (sq ft)(deg F), Bo = 0.74, 


(W,) = 0.62 X 62.4 X 10-* = 3.86 X 10-5 lb per cu ft, Ua = 
89 X 5200 = 422,000 ft per hr, then 


ee BoU oW, 
Reo 


= 0.173 (lb) (deg F)/Btu 


From Fig. 3 the pessible- variations in heat-flow rate at the 


Equations (16) and (17) for: 
to © 15° F. 
8 = 620 mm Hg. 


rate of woter catch, Ib./hr. ft® 
unit thermal conductance, Btu./hr. ft. °F. 


32 34 36 38 40 
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stagnation line to produce a 32 F surface temperature are almost 
5 to 1. Proceeding along the:surface away from the stagnation 
line, the values of b decrease to zero at 72 F. Thus it is 
shown that for the region of the Calrod +72 deg F from the stag- 
nation region, the heat required is indeterminate by a fairly large 
percentage. 


Discussion 


R.N.Noyzs.* Theauthors presenta method for determining the 
liquid water content W, of an airstream based on an analysis of 
the heat-transfer processes which take place when a heated rod is 
placed in an airstream which contains liquid water droplets at 
temperatures below the freezing point. They conclude, by com- 
paring their results with test data, that for the majority of cases 
they can predict within 15 per cent the heat input to the rod that 
would be necessary to keep its surface moisture-free. 

A method of determining the W, is proposed which consists of 
determining the heat loss due to evaporation HyDU., by sub- 
tracting the computed heat loss due to convection from the 
measured total heat required to keep the rod moisture free. Table 
1 of the paper shows that the heat loss due to convection may 
be as much as 10 times as great as the heat loss due to evapora- 
tion; for the majority of cases, it was at least 2 times as great. 
Thus an error in the determination of the convective heat- 
transfer coefficient will be appreciably magnified in computing 
Wi. 

An additional error arises in the determination of the free 
stream static temperature t.. This temperature must be in- 
ferred from a wet temperature reading; at present a considerable 
uncertainty is involved in this measurement. For example, 
suppose ¢. were in error by 5 deg, the correct difference in (7, — 
to) were 50 deg, and the heat loss due to convection was 3 times 
as great as the heat loss by evaporation. Then an error of 30 
per cent would arise in the determination of W;. Reduction of 
convective heat losses by reducing 7’, will not reduce the error 
in W,. Suppose, for the same heat input, heat-transfer coef- 
ficient and same error in 7 as in the previous example, the con- 
vective heat loss were to be made equal to the heat loss by evapo- 
ration. The temperature difference (7, — 7.) would now be 


6 Aeronautical Research Scientist, Flight Propulsion Research 
Laboratory, National Advisory Committee for Aeronautics, Cleve- 
land, Ohio. 
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approximately 17 deg, resulting in an error in both convective 
and evaporating heat losses of 5/,; or approximately 30 per cent. 


AUTHORS’ CLOSURE 


Mr. Noyes suggests that our proposed icing meter may not 
yield accurate data on liquid water content because of difficulties 
in estimating the heat loss by forced convection. These errors, 
according to Noyes, should occur mainly due to errors in deter- 

mining the free stream temperature. Mr. Noyes points out that 
the data of Table 1 show that the evaporative loss is sometimes as 
low as 10 per cent of the total energy loss and therefore a small 
error in computed convective loss should lead to large errors in 
water content. » 

These criticisms ‘are very much to the point, and it must be 
admitted that-at-low liquid water contents, the accuracy of the 
proposed meter-is least. However, the use of such a device may 
not be as bad as one would infer from Mr. Noyes’s comments. 
For one thing the Calrod data on Mount Washington is for a sur- 
face run “‘dry.”’ If the surface were permitted to run moist on 
the front half, the convective losses would decrease, while the 
evaporative loss would be maintained. Also, at higher speeds 
the ratio of evaporative to convective energy losses becomes more 
favorable, as shown in Table 2, herewith, which is considered 
typical for aircraft speeds (surface run dry). 


TABLE 2 
Cylinder diameter, i. 23: ct 2: eee or ee We fg 1 Z 4 
Loss by convection, Btu/(hr) (ft).......... 320 550 905 1510 2230 
Loss by evaporation, Btu/(hr) (ft)......... 462 835 1262 1985 2180 


Altitude: 10,000 ft 
Air temperature: 20 F 


Droplet diam: 
15 micron 


True airspeed: 200 mph 
Liquid water: 0.4 g/m? 


It is believed that the error in determining free air temperature 
should be less than 5 deg F. At 200 mph the maximum error is 
7.2 deg F if one does not correct the indicated temperature for 
aerodynamic heating and wet-bulb depression. Applying these 
corrections, the uncertainty should certainly be less than 5 deg 
F. Mr. Carr B. Neel, in presenting a recent paper,’ stated that 
the NACA at Moffett Field had satisfactorily used this technique 
on a P-38 at very high speeds in cloud while a slowly moving 
blimp took simultaneous measurements of the cloud temperature. 


7“The Calculation of the Heat. Required for Wing Thermal Ice 
Prevention in Specified Icing Conditions,” by C. B. Neel, presented 
before SAE, Los Angeles, Calif., Oct. 2, 1947. 


Limitations and Mathematical Basis for 


Predicting Aircraft Icing Character- 
istics From Scale-Model Studies 


By MYRON TRIBUS,! G. B. W. YOUNG,? ano L. M. K. BOELTER? 


The equations governing the motions of a water droplet 
impinging on an aerodynamic shape are discussed in de- 
tail and lead to two dimensionless moduli, one the Reyn- 
olds modulus of the droplet and the other a scale modu- 
lus. The data of Langmuir and Blodgett are shown re- 
plotted according to these parameters. The application 
of these equations to the problem of model studies atop 
Mount Washington indicates that scale models should be 
3 to 4 times larger than the prototype if dimensional 
similarity is to be retained. The application to wind- 
tunnel studies indicates the importance of having the 
spray apparatus sufficiently far upstream and also of 
having the model well back in the throat of the tunnel, 
downstream from the venturi inlet. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


a = drop radius, ft 
C = acharacteristic length of body, ft 
Cp = drag coefficient, dimensionless 
Ey, = percentage catch, dimensionless 
hi, fo, fs = functions defined by Equation [1] 
F = function defined by Equation [6] 
g = gravitational constant, ft/ (sec?) 
Gi, 92, 93 
gr”, 92”, ys” 
G, G’ = functions defined by respective equations 
P = velocity vector difference between air and droplet, 
fps 
S = function defined by respective equation 
t = time, sec 
U = free air stream velocity, fps 
Ug, Vg, Wa = components of air velocity, fps 
Ug, Yay Wg = Components of droplet velocity, fps 
x, y, 2 = Cartesian co-ordinates, ft 
Xo, Yo, 20 = initial position of droplet trajectories, ft 
Bo percentage catch at stagnation point, dimensionless 
Ye = Mass density of air, lb per cu ft 
‘a = mass density of droplet, lb per cu ft 
» = absolute viscosity of air, lb-see/sq ft 


= functions defined by respective equations 


Dimensionless ratios’ 


1 Research Engineer, University of California. Jun. ASME. 

2 Department of Engineéring, University of California, Jun. 
ASME. 

3 Dean, Department of Engineering, University of California, Los 
Angeles, Calif. Mem. ASME. 

Contributed by the Heat Transfer Division and presented at the 
Aviation Meeting, Los Angeles, Calif., May 26-29, 1947, of Tur 
AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


2a Py, 
R,, = Reynolds modulus, defined by i ak 
: ug 
2aU 7, 
Ry = Reynolds modulus, defined by atl 
Bg 
9C va 
y = scale modulus, defined by ae * 
ad 


K = modulus, defined by Rusy 
¢ = modulus, defined by Ry.y 


INTRODUCTION 


It has become increasingly apparent that the trajectories of 
the droplets about a streamlined body in an icing condition play 
a large part in determining the heat requirements for the anti-icing 
of that body. It has been demonstrated that the trajectories of 
droplets ahead of cylinders (1, 2, 3),4 spheres (4), and ribbons (4), 
can be computed accurately by use of solutions to certain differen- 
tial equations. For objects of a more complex shape, the solutions 
become more and more tedious to obtain, even using differential 
analyzers and other computing devices. The solutions to these 
differential equations, however, can be obtained experimentally 
by the use of models, and application of the principles of dimen- 
sional similarity. Thus it is possible to expose a scale model of an 
airplane to an icing condition, measuring the icing rates and the 
meteorological conditions, and then predict the icing character- 
istics of the prototype. 


% MATHEMATICAL ANALYSIS 


The field of flow about any streamlined body, considering in- 


IMxel, 1 


compressible potential flow, is a function of the shape of the body 
and its orientation in the air stream, that is 


4 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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Spherical water droplets in this velocity-field region will not 
follow the air streamlines, but due to their inertia will travel 
trajectories somewhat less curved. At any point, then, the veloc- 
ity vectors of the air and droplet will differ by a vector P, shown 
in Fig. 1. 


The components of the drag-resistance force on the droplet are 


1 
<a CDS 7a? Yq P(ug — Ua) 


1 
=D 2 TO bya Ong) cue her ceccue ake oe [2] 
1 
— Cp 3 1a* ygP(We — Wa) 
The Newtonian equations of motion of the drop are 
P dug 4 dug 
oa Sid tiedh.a velba Gamtioo a 
4 dv 4 dv 
pees 3 ras vq ee 5 Ta Va 0¢q om Ba es pie (3] 
a3 de = 4 dwa 
aT Ya dt ae YaWa a 


Equating these forces and transposing to form dimensionless 


ratios 
x 
ole 
(é) 


1 24U Ua Ud ® 
= EOP re. (%) eA ote 6 (4a] 


3 y MORE UE ips 04 

ind = . 
(?) bt (H) 
z 124U we a 

d nr > SU ae FLO oe Fa a —- 
(2) vy Cp P We — Wa d (¥*) eS ie Flac) {4c] 


where ¥ = (9Cy,)/(ayg), @ dimensionless modulus, hereinafter 
referred to as the “‘scale modulus.”’ 

The relation between the vector P and the components of the 
air and droplet velocities is 


PN? Ug Ua \? Va Va\? We Wa \? 
eS . C ) tea a Tay. ae 
The variable drag coefficient C'p is a function of the local Reyn- 
olds modulus (R,) of the droplet, that is 


2a YP oUt 
Co = FIR) = F (722 )-r (et o.E) 
ug pe We 


By definition 


then 
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ls 
cp =F (Ro 5) Pe a ee De ey oe a eee 


The Reynolds modulus, Ry, is that which the droplet would 
have if it traveled in still air at the velocity, U. 
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The simultaneous integration of Equations (4a, b, c], after sub- 


stituting for the values of P/U, u,/U, v./U, w,/U, and Cp from 
Equations [5], [1], and [7], yields as a solution an equation 
(Equation [9]) which represents a family of lines that are the 
trajectories of the droplets starting at some position Zo, yo, and 
z) and having the initial velocity components uy = U, vg = 0, and 
Way = 0. 


gf ete ay 
(ie eee pg P\P eu) \U 
1 tl 


>] 


U 
as) 2g loay Vortag; () 
CFS P\P (we—wa) \U 
f F (Re r) 
or 
a Zo Yo Zo P\ | 
C Gt (v, Ry, pee A ’ fi, fo, fa, r) 
x Zo P. 

Ym on (¥, Re 2, Aa C’ ite fr fh, 2) sf, Salon 
z ay Zi iE 

C Ys (v, Ry, Pa ae re ip fa, fa, r) 


In order to find the relationship between the position (4/C, y/C, 
z/C) of any droplet in its trajectory and its corresponding initial 
position (yo/C, 2o/C), Equation [9] is transposed to give 


Li ar Zz P 
5 ae qi’ (v, Ru, C’ aa C’ hi, fe, fa, ) 
Yo aes Me ee ie) 
LOS Sa Ril sie S re 
C 92 (v, U» co C’ GC? fi, fo, fr, 4 te {10} 
z x Zz 12. 
— = Gs" (v, Ru, C’ ai ©’ fi, Sa, fa, Fr) 
Eliminating P/U, Equation [10] becomes 
Yo ” THY EY 32 x 
C = g2 (+. Ru G Cc’ C’ fi fo, fa, 3) 
2 eee 


\8 


ll 


ys if Zz x 
A 93 (v Ry, C’ ne Cc’ Si, fe, fa, 2 


If x9/C is chosen far enough ahead in the free air stream, the 
values of yo/C and zo/C are independent of 2/C; then 


Ys ver 
= = J2 (v Ru, * Fisih fo, f) 


roel fr, h) 


Q|e 
ll 
SS) 
a 
< 
r°] 
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For any one streamlined shape and orientation of the body, the 
functions f;, fe, and fs are nonvariant and Equation [12] becomes 


mele pt ee 
C 92 (Care Ge Cc 


os is x 
cm (v Ru, a> 


Given some surface, S(x/C, y/C, z/C) = 0, on the streamlined 
body upon which the problem of anti-icing is centered, the values 
of x/C, y/C, and z/C in Equation [13] are fixed and 


ll 


Yo 


C = go’ (Ry, ¥) | 

bith 4 Adele [14] 
ee oe 
C = gs (Ry, v) | 


Equation [14] states that the initial values of yo/C and 20/C for 
a droplet striking the model at the position z/C, y/C, and z/C 
depend only on the moduli y and Ry. The limitations are (a) the 
position xo/C of the water droplet is far enough ahead in the air 
stream so that it does not affect the values of yo/C and z0/C, and 
(6) the streamline shape and the orientation of the model are 
constant. Thus the limiting trajectories (those which just graze 
the model), the percentage of the droplets ahead of the model 
and located inside the frontal area of the surface under investiga- 
tion and the velocity of impact are functions of the moduli y and 
Ry only under the same limitations. For example the percentage 


eatch Hy, is 
f f2(8) (¥) 


(a 
RE 


aio 


(548 
(e322 


Gein, =G Rey). ee [16] 


= G(Ry, v) oie felsierse [15] 


and 


AG 
ge e C 


Returning to Equation [8], the term 
24 U 


P\ P 
(oF) 


under the integral sign can be rewritten, if Stokes’s law (valid for 
Ry < 1) holds, as follows 2 


24 U 
NPE OLIR S je ee 17 
P (RF) pip me 


This modulus is not a function of the droplet velocity and can be 
brought outside of the integral sign. kikewise, Equations [13] 
and [14] can be reduced to a one-parameter family of curves for 
Ry <1 
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References (1, 2, 3, 4, 5, and 6) used the ratio Ry/y, represented 
by the symbol K and reference (3) introduced another ratio 
¢ = Rvyy to correlate the quantities Hy, Bo, and 04 about 
cylinders, spheres, and ribbons (@,, is the angle measured from 
the stagnation line to the point beyond which no droplet impinge- 
ment occurs). For most important icing cases, however, the 
Reynolds modulus is well beyond the range of Stokes’s law 
(Ry < 1) and the trajectories, likewise the quantities, Zy,, Bo, and 
64, depend fundamentally upon the two parameters Ry and y. 
Thus the data for cylinders of reference (3) have been replotted 
in Figs. 2 to 7, inclusive. These graphs, like those given in refer- 
ence (3), are for uniform drop-size distribution. For other forms 
of droplet distribution, the averaging method given in references 
(1, 2) or (8) is to be used. 

The most startling observation, resulting from the replotted 
curves, is from Fig. 2. This figure shows that for any droplet 
size the maximum or asymptotic value of the percentage catch 
Ey, is not equal to 1 as the velocity or Ry increases. Large 
cylinders, even at extremely high velocities, do not yield high 
values of Hy. 


APPLICATIONS TO MopEL STUDIES 


It is evident from a study of Figs. 2 to 7 that the trajectories 
are equally sensitive functions of Ry and ¥. Thus in any model 
study it can be said that if similarity is to be preserved, the 
values for Ry and w must be the same for both model and proto- 
type. 

Assume, for example, it is desired to make tests in a wind tunnel 
where the droplets are oversized by a factor of 10. In order to 
preserve the value of y, it will be necessary to increase the model 
size tenfold. Meanwhile, to preserve the value of Ry, the veloc- 
ity must be decreased tenfold. 

Again, assume it is desired to make model tests atop Mount 
Washington, Gorham, N. H. Here the droplet sizes are of the 
same size as in the anticipated icing conditions, but the velocities 
are only of the order of one-third to one-fourth modern flying 
speeds. If the usual size drops are used, y will have its correct 
value when a full-scale model is used. However, Ry will be too 
small by !/; or 1/4. If the large drops, say, 3 to 4 times normal are 
used, Ry will be correct, but now a model of 3 to 4 times the size 
of the prototype should be used to give Wits proper value. This 
is no handicap in testing such devices as helicopters or small 
wings, but may render the testing of large aircraft components 
impractical. 

For large aircraft components, data from. both wind-tunnel 
tests and tests atop Mount Washington can be reduced simul- 
taneously to yield valuable information via sensible extrapolation. 
For example, a small model is tested in a wind tunnel over a wide 
range of Ry at some value of y, and a large model is tested atop 
Mount Washington, over a limited range of Ry at the working 
value of y. By comparing the two curves, the information ob- 
tained with the large model may be extrapolated, but with cau- 
tion, beyond the experimental range of Ry. 

Returning for a moment to Equation [8], it will be noted that 
the limits of integration therein imply that the droplet start at 
some position (a0/C, yo/C, 2o/C) where their velocity components 
(ug/U, va/U, wa/U) are (1, 0, 0), that is, there is no relative mo- 
tionfbetween the drops and the air. However, in a wind tunnel 
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the spray device is necessarily a short distance ahead of the throat 
of the tunnel. As the air enters the throat it is accelerated, thus 
tending to increase any remaining velocity difference between the 
drop and the air. It is not known how serious the deviations in 
the trajectories may be; however, it is evident that the methods 
of minimizing the errors should include having the spray 
device far ahead of the throat and the model well back in the 
throat. ; 
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Preparation of 
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Length: Be brief. Eliminate unneces- 


saty words, descriptions, 
data, drawings, charts, illustrations, 
tables, mathematics. Papers requiring 
more than eight pages when printed are 
likely to be returned for condensation or 


rejected. Solid type runs 1200 words per _ 


page. Allow extra for the title, footnotes, 


bibliography, illustrations, and mathe- 


° bo 
matics. 
Manuscripts: Typewrite, double or 


triple space, on one 
side of standard-size paper. Leave ample 
margins. Cut captions, on a separate 
sheet, illustrations, and tables should ac- 
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case letters. Mark zero to avoid confu- a 
sion with letter O; numeral 1 with the — 
letter “‘el’’ (1) or prime (’); Greek letters — 
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